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PREFACE

This repovt represents the results of a study on the soil penetra~
tion performance of terradynamic impactors. This study was conducted Jan 1,
1975 to Sept 29, 1976 by the Engineering Sciences Department, University of

Florida, Gainesville, Florids, 3261

wizh the Alr Force Armament Laboratory, Eglin Adr Force Base,

1, under Contract No. F088635~75-C~0054
Florida. Mr.

John Collins served as program manager fozr the Armaneat Laboratory.

Tmis technical report has be

FOR THE COMMANDER
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en revieved and is approved for publication.

Chief, Wcapon Syistews Analysie Division
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d other pressure transducers, strain gages ou tast chamber walls, and
breaking-~wire sensors. Data analysis vas performed by using classical
Poncelet predictivae tachniques, empirical Sandia penetration squations,
seni-analytical Cavity Expansion Theory, and a three dimensional code
for trajectory analysis developed und~r this contract for use with an
agsuned three dimensional force law. To obtain essentisl input €O the
aforeaeationed models, a study of the acoustic wave velocity in a sand
sedium vas made, and results are included in this report.
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SECTION 1
INTRODUCTION AND BACKGROUND

This vreport presents the results of a joint i{nveatigation conducted
by the Vulnerab{lity Assessment Branch (CLYV) of the Air Force Armament
Laboratory and the University of Florida. The University gave aralytical
support “o an experimental program conducted by DLYV/AFATL at Eglin Aflr

Force Base.

The suipport included reviewing the proposed soil penetration experi-
ments, recommending changes, participating in some of the experiments at
Eglin, making independent laboracory invostigations at the University of
several types of sensors and of ultrasonic wave speeds in sand, extensive
data analysis of the Eglin Experiments, study of existing terradynamic
penetratior models, mcdification of the models and application of them to
tve interpretation of the Eglin experiments.

The study of the mechanice of high speed earth penetrators, includirg
predictions of trajectory, depth of penetration, cavity formation, stability,
and target interaction has in recent years been given the name of terra-
dynzmi{cs. While this area of study has been investiga"ed since the early
18th century, technologfical barrfers have hindered experimental programs in
assessing modals advanced for characterizing penetrator perfcrmance. The
nrincipal difficulty encountered has b2en the unavajlability of experimental
toois for examining the sequential motion of a vehicle paussing through
opaque loose and/or semicohesive media.

A recent review of the State of the Art of Earth Penetration Terhnology
by Triandafilidis (Reference 1) has categorized predictive penetration tech-
niques as semi-analytical, analytical, theoretfcal, and empirical models. The
first technique, which includes the classical penetration models based upon
Newtontan mechanics, s.ch as Poncelet (Reference 2), requires experimental
daca for evaluation of the important penetration constants. So-called analy-
tical techniques, which include the Cavity Expansion (References 3 through 7)
and Differentfal Force Law Models (Reference 8), rely upon knowledge of i
constitutive target material pr~perties. The theoretical models proposed
(References 9 \hrough 11) are bssed upun continuum mechanics formulations
describing the penetrator and target, and rely upon finite difference and
finite element computer codes as solution techniques. Finally, empirical
techniques baged upon extensnive laboratory and field testing have been
introduced with the mest oxtensive work in this area developed at Sandia
Laboratories (References 12.13). Additional backgroun on the experimental
program is presented in Section 1I.

The purpose of the experimental program at Eglin was to ootain more ,
complete transient records of the penetration events than previnus favesti-
gators had obtained in order to provide i{nsight into the actual physical
mechanisms involved, which could lead to batter cerradynamic pen .- ation
models for oredicting trajectories, penetrat{on depths, and the t-cces acting '
on the p.ojectile. In the test program, rtive ccnsecutively space X-ray
units have been used to visually record the transfent position o’ several
penetrators. Nonspinning projectiles of stable configuration with various
nose shapes have been tested in dry and szrurated sand at three impact
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velocities with near zesc impact obliquity. This {u believed Lo be the
most extensive use ever made of flash radiography In terradynamic research.
In addition to the X-ray units, velocity coil se..» rs have been used as
monitoring devices {v conjunction with a magne..: tape recording sysiem.

The experimental setup at Eglin and some of ihe e:..periments at the
University on sensors are described in Section Il after a short background
account of orevious experimental studies. Data from the Eglin tests are
described in Section III, with detzils tabulated 'n Appendix A. Analysis
of the data by classical semi-analytical penetration models and empirical
methods is present-d in Section IV, The analytical technigue based on the
spherical cevity expansion technique is discussed in Section V and applied
to the Eglian experiments. In Section VI a three-dimensional terradynamic
model is developed and applied. Sound speed measurements are reported in
Section V11 and a summary of the conclusions is given in Section VIII,

-t e e e—— e e
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SECTION Il

EXPERIMENTAL EQUIPMENT AND PROCEDURES

2.1 INTRODUCTION

Penetration experiments were performed by firing projectiles
horizontally into sand targets contained in specially designed test
chambers. After some preliminary tescs with 0.50 caliber and 20mm
standard rounds, the major part of the inveatigation used modelled
20mm projectiles fabricated both at the AFATL and at the University
of Florida. These projectiles were ~ylinders 0.02 meter 1in diameter
by 0.22 to 0.24 meter 1in length. Three specific nose shapes were in-
veatigacted: biconic, flat ended, and step~tier. Some of the bicoailce
and step-tier projectiles had a hollow afterbody,but the najority of
the results were obtained using solid projectiles.

Various sensing methods were investigated to determine as much as
possible about the projectile's position and orientation, the shape of
the cavity formed around the projectile, deformation patterns and for:e
distritutions in the sand, and shock waves ahead of the projectile.
The moat successful senr¢ing method was flash radiography. In the .«
mary test program five X-ray heads were fired sequentially witli delay
times set to record projectile position as it moved through a 1.2-ueter-
long test chamber. The primary test program was planred to include firings
of two projectile types (flat and step~tier projectiles) at three diff-
erent velocities (approximately 210,320 and 400 m/sec) in dry sund and in
saturated sand, with four replications of each type of shot, and five X~
ray pictures taken in each shot. This program was completed successfully,
Results of these tests are presented in Section I17, along with a few

examples of other projectile types.

Besides giving a more certain indication of projectile trajectory
and attitude than any other sensing method, the X-rays give a good indi-
cation of the position on the projectiles wher¢ the sand separates to form
a cavity, and can show also the reattachment point on the afterbody as the
projectile slows down. In the primary test program the X-rays showed that
reattachment seldom occurred in the 1.2 meters of the trajectory observed.

The X-rays alsoc revealed a detached bow wave in some cases (notably
the higher-speed impacts in dry sand). The bow wave is a density discon-
tinuity moving with the projectile, rezsembling the detached shock wave
ahead of a supersonic aircraft. 7The X-ray method was emphasized because it
was the only method known that could give transient information about
separation and about the shock wave shape and density gradients. Other
types of sensors envisioned for use in the test program were investigated
to complement the X-ray technique or to be ugsed in case the X-ray equip-

ment was not avallable.

Some of the sensing methods inveastigated at the University were
microwaves, breaking wires, and magnetic sensors. The microwave technique
was considered as an alternative to the X~rays for continuous position
monitoring, but it was not used in the experimeuts at Eglin, since the X-ray
equipment was available. Various breaking~wire sensors and velocity screens
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were used at Eglin, and the magnetic sensing method was used extensively
both in the primary .est progvam and in the preliminary testiag before
the X-ray syatem was fully developed., A pressure transducec in the fluor
of the test chamber and strain gages on the walls were ulso used in at-
tempting to build a complete dara base.

The generai set-up for the primary rest pvogram at Egiin and the
flash X-ray method ave described in paragraph 2.5 after a brief review
in paragraph 2.2 of some previous terradynamic experiments. Jther senscrs
used in or examinud for the test prouram are discussed in paragraph 2.4.

2.2 BACKGROUND

Uncil fajrly recently the only experimental data available on
ballistic penetration of soils cunsisted of tabulations of striking
velocity V, versus final penetration distance S. Compariscns of the
plots of S vursug V, wiih integration of nssumed force laws, e.g., of

the form 2
' «dV/dt = gV™ 4+ BY + y

could in principle determine the coefficients for such laws. The scatter
in the data because of variations of in situ so0il properties or because
of tumbliong or other unstable projectile behavior made conclusions from §
versus V, data difficult to draw.

In 1957 Allen, Mayfield, and Morrison (Reference 14) vepnrted what
were apparently the first laboratory investigations to record projectile
transient wmotion, ‘They used a photographic-electronic chronegraph to re-
cord the successive breaking of copper grid wires located 0.1 meter apart
along the trajectory and vere able to obtain better determination of force
law coefficients than cuuld be obtained frum final penetration depthas alone.

This brief discussion will not attempt a complete historical account
of penetration experiments, but will mention a few of the more recent in-
vestigations that have obtained transient data. Some additional historical
iuformation is given in References 1 and 14 through 16 and in a 1972 survey
-f the state of the art by McNeill (Reference 17), which also gives a bibli-
ography. A more extensive bibliography has been prepared by Triandafilidis
(Reference 1), and a 1974 annotated bibliography (Reference 18) lists Sandia
Laboratories Publications related to Terradynamics.

According to McNeill, significant strides in penetrator system
technology began at Sandia in 196] with penetrators 2.4 to 3 meterg in
length and 0.23 to 0.46 meter £ diameter, with masses on the order of
450 kilograms, delivered by ground-launched rockets or by airplanes.

Sume of these testn used on-hoard acceleromcters and telemetered data.

Since that time, the accelerometer-carrying air-dropped penetrometer has
been developed into a practical tool Jor rapid survey of subsurface soil
propertiea. Wood (Reference 19) has discussed instrumentation and tele-
metry. 1railing wires have also been used for air gun projectiles at speeds
up to 120 m/sec  (Reference 19), Murff and Coyle (Reference 20) have ob~
tained deceleration-time records for impact at speeds up to 90 m/sec into
three soil types (compacted kaolir clay, dengse Ottawa sand and a mixture of
kaolin clay and sand). Projectiles varied from 38 tv 76 miliimeters in dia-
meter and had masses ranging from 1.4 to 52 kilograms.
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A microwave monitoring system was developed at the University of New

Mexico., Its use was reported in a Ph.D dissertation {n 1965 by Hakala (Refer-

ence 15). The technique showed considerable promise, although questions of
how long a path could be monitored and whether the technique could be used
in moist soil were not addressed. '

Successful use of flash radiogrephy in scil beginning in 1974 was rve-
ported by Culp et al (References 21, 22). Their later work in clay showed
the existence of a detached thock wave. Color enhancement techniqueg of
the X-rays revealed density variatiuons. An automatic scannirg and image
storing and processing technique was used. Omne significant result of
the scanning technique was the discovery that the soil cavity around the
projectile seemed to be larger than it had appeared in visual inspection
of the radiographs. Flash radiography in soil had beer used earlier (Ref-
erence 23), but few details about it have been made public.

Although transient trajectory measurements were not made, the share
of the trajectory was revealed by post-test excavation in a 1973 Master's
Thesis by Biele (Reference 24), which investigated the stability of scaled
model projectiles of various nose types. Initial angles of impact were
revealed by yaw cards, and plots of lateral deflection versus penetration
diastance were made for various initial angles. Even with quite swall ini-

tial angles (1-2 degrees) lateral deflections of as much as 0.15 meter were

obgserved in a peactration distance of 1.06 meters.

2,3 SETUP OF PENETRATION EXPERIMENTS AT EGLIN

The test setup used in collecting the data base for analysis was devel-
oped in an evolutionary manner. Several sensing devices, projectile shapes,

and velocity regimes were studied before the basic elements of the primary

test matrix wvere investigated. Detalls of these techniques arc given else-

where in thia section and priucipal attention is focused upon the test
assemblage as used in the March and April 1975 test program. The primary

test matrix is shown below with the cowmplete matrix described in paragraph 3.2.

TABLE 1. EXPERIMENTAL TEST MATRIX SHOT NUMMERS
Projectile | Target
Velocity

Type 210 m/sec 320 m/aec 400 m/sec

Flat Nose |Dry Sand | 15,16,17, 18,19 [ 20,22,23,24 | 14,25,26,27,29

Flat Nose |Wet Sand | 70,71,72,73 36,37,38,74,8) 76,82,83,84

Step Tier | Dry Sand | 52,53,54,55,57 | 56,58,59,61 62.63,64,65

Step Tier |Wet Sand | 42,43,44,45 39,40,41,49 | 50,51,68,69




The flat-nose projectiles used in these¢ experiments were solid
cylinders 0.0198 meter 1in diameter by 0.225 meter long. For the step-
cler projectiles the afterbody was a cylinder of 0.0198 mster diameter
amd 0.232 meter length, with a cylindrical nose 0,0095 meter in diameter
and 0.0065 metar long. The material used for the projectiles wee a high
carbon content steel drill rod, supplied in rod form wivh nominal dimen-
sions of 0.02 meter in diameter and | meter long. For specimens made at
the University an AISI-Wl water quenched bar atock was used, while for
sprecimens fabricated at the AFATL, AISI-0l oil quenched bar stock was used.
Three of the projectiles used in the Eglin penetration experiments are
shown in Figure 1. In addition to the two projectiles described above,
the photograph shows a shorter flat-nosed projectile, length 0.152 meter,
used for scme later tests.

In the Eglin experiments the projectiles were fired horizontally into
a test chamber consisting of an open-top box of nominal dimensions 0.15
meter wide by 0.40 metar high and 1.2 meters long. The side walls and
floov of the box were made of 0.0023 meter aluminum sheet framed by steel
brackets and mounted on a flat woodun table platform as show.. in Figure 2.’
The ends of the test chamber were closed by fiber board tha: was easily
penetrated by the projectiles. The test chamber was backed up by a large
open~topped wooden box fitted with vertical slots to accommodate partitions.
The partitions were used to fill the box with varying amounts of sand in
order to contain the projectiles for re-use in the various velocity regimes

tested.

The boxes were filled with Eglin sand that had been sieved with a U.S.
Standard Sieve Series No. 25 sieve to remove large debris, but not sieved
to a controlled size range. For the dry sand tests the sand was poured
slowly into the test chamber from a bucket assembly attached to an over-
hkead crane. The wet sand tests were for the fully saturated cordition.

For the wet sand tests the sand was first mixed with water in a container
and then shoveled into the test chamber. It was maintained in a fully
saturated condition by adjusting a flow nf water into the open top to
compensate for leakage and maintain an essentially constant water level.

Standard triaxial tests were performed on two samples of the Eglin
sand. For these tests the sand was first carefully dried following pro-
cedures as described in Reference 25. Each sample was tested at three
different constant values of the lateral confining pressure o, (0.!962,
0.392, and 0.589 MPa) with axial compressive stress ¢ increaging until
failure occurred (significant increase of axial strain at constant load).
The two samples were a loose sand and one compacted by vibration before
testing. Table 2 lists the initial density p_ and the angle of friction ¢
determined for each sample by analysis of the®triaxial data as well as the

value (01-03)f of the stress difference at failure for each of the confining

pressures.

The curve of 0,-04 versus axial strain ¢, for the loose sand at the
higheet confining presgure will be given in Section V, where it is used
to cdetermine the deviatoric properties for the penetration analysis by the
spherical cavity expansiun theory method. Several confined uniaxial strain

tests were also performed orn dry Eglin sand. These will discussed in
Sections V and VII,
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Target Test Chamber Setup for Eglin Experiments

Figure 2.
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TABLE 2. TRIAXIAL DATA FOR DRY EGLIN SAND

9, (01—03)f

Loose Sand 0.1962 MPa 0.538 MPa
py = 1519 kg/m’ 0.392 0.983
6 = 33.4° 0.589 1.447
Compacted Sand 0.1962 0.763
o, = 1698 kg/m> 0.392 1.423
¢ = 39.7° 0.589 2.02

The projectiles were fired into the test chamber with a 20mm gun.
Firing velocity was controlled by varying the powder load in a primed
20mm case. Striking velocity was measured by timing the interval be-
tween the breaking of two paper back velocity screens with a Terminal Bal-
listics Data Acquisition System. The start acreen was 1.22 meters from
the front of the target, and the stop screen was 0.6]1 meter from the tar-
get. The timing signals were also recorded on a magnetic tape system and
later transferred to a pape. oscillograph record. Also recorded on the tape
was the signal from a break wire on the gun muzzle 3.54 meters from the

target.

To monitor the projectile flight path through the sand in the 1.2~
meter-jong box, five Hewlett-Packard flash X-ray units were used: cne
150 KV soft X-ray unit and four 300 KV hard X-ray units. They were spaced
sequentially along the horizontal, with the first unit (150 KV) located at
0.032 meter from the front of the box and the four 300 KV units spaced
0.38 meter between centers. Standoff distance for the 300 KV units was
nominally 0.55 meter, The front ends of the i50 KV unit (small cylinder)
and of one 300 KV unit (large cylinder) are visible in Figure 2.

Several types of X-ray film were evaluated in the course of the test
program, with the majority of the data recorded on Dupont Lightning Plus
X-ray film. The film cassettes (not shown in Figure 2) were mounted on the
outside of the box opposite from the X-ray units. The film plane was
positioned at 0.08 meter from the centerline. In the main test program
a series of metal letters (A througnh Q) were taped along the box, separ-
ated norizontally by approximatelv 0.07 meter along a line 0.20 meter
from the top of the box, to serve as markers for locating the projectile
position in the X-ray pictures. Some of the earlier tests used fewer
markers in the form of metal arrows. In some of the tests displacement of
the soil medium was observed by suspending 0.00l5-meter steel markers that
moved with the sand. Preshot and postshot X-ray records were made to locate

the initial and final positions of the markers.

9




Figure 3 is a photograph of the three prints made from the X~-ray
negatives for Shet No. 26. The two panels on the left show the nose of the
fiat~ended prcjectile in four successive pcaitions at the times of the sequen-
tlal firing of the X-rays. The fifth one in the third pancl does not show up
well in the reproduction but could be seen in the negative. The separation
angles and the cavity around the afterbody are clearly shown in three of the
positions 1llustrated. The aft end of the projectile is not usually visible,
gince 1t is out of the main X-ray beam when the firing is correctly timed

to show the nose.

A magnetic system was used to furnish supplementary velocity informa-
tion after preliminary laboratcry investigations at the University had estab-
lished the feasibility of the method. The steel projz2ctiles were magnetized
to a strength of about 150 gauss, as measured at the center of the nose with
a Hall-effect gaussmeter. When chis magnetized projectile passed thrcugh a
0.15-meter-diameter coil mour ted inside the test chamber a voltage signal was
genevated. Four such coils .ere used in nost of the Eglin tests, one on the
front of the box and three inside at distances of approximately 0.49, 0.80
and 1.09 meters from the front of the box. The positione are recorded in
Appendix A for the 26 shots for which the magnetic sensor data were analyzed.
The projectile can be seen passing through two of them in the X-ray picture of
Figure 3. Each sensing coil - as formed with 40 turns of copper wire, forming
a rim about 0.004 meter thi- . The voltage signals wers recorded without any
preamplification on the magi cic tape recording system and later transcribed
to an oacillograph record. ie records indicated voltage peaks of the order
of 40 to 80 mv in tests wit! initial impact velocities around 20C m/sec. Some
recovered projectiles showed a residual magnetic strength at the ncse of
around 20 percent of the value before firing.

Laboratory tests were made at the University on smaller dlameter pro-
Jectiles fired from an air gun. The time when the projectile nose arrived at
the plane of the coill was precisely de“ermined with a light beam. Comparison
with the time of the peak voltage output showed that in tests with a coll
formed by two parallel wires 0.025 meter apart the peak voltage occurred pre-
cisely as the nose passed through the loop. With a 0.165-meter-diameter coil
a discrepancy was noted, indicating that the nose of the 0.215-meter-long by
0.0095-meter-diameter projectile has advanced approximately 0.021 to 0.027
meter beycnd the coil plane when the max'mum voltage was observed for the low-
speed shots in air (20 to 35 m/sec). Since a comparable direct check cosuld not
conveniently be made with the larger diameter projectiles used in the Eglin
experiments, an indirect check was made by statically mapping the radial com-
ponent of the magnetic fileld.

The mapping was first made for the laboratory projectiles to see if 1t
agreed with the laboratory dynamic measu .ments. At a radial distance of 0.09
meter from the projectile axis the peak radial magnetic field occurred at a
distance of 0.021 meter back of the plane of :the noge, in approximate agree-
ment with the discrepancies noted above. Similar mappings of one flat-nosed
and one step-tier solid projectile of the type used in the Eglin experiments
showed th.t the maximum radial component of the magnetic field occurred at
distances of 0.020 meter and 0.02? meter respectively, back of the nose tip
plane when measured at a radial distance of 0.086 meter from the projectile
axis. This indicates that the maximum response should occur when the pro-
Jectiles have penetrated some 0.02 meter through the plane cof the sensor coil,
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Photograph of Three X-Ray Prints for Shot No. 26

Figure 3.




assuming a circular undeformed cuill and a straight horizontal flight path
through the center of the coil. Possible sources of additional error are
imprecige measurement of the coli locations and especially ¢f the time of
the peak response, since with coils this large the response curve does not

show a very sharp peak,

2.4 OTHER SENSORS USED OR TESTED

2.4.1 Breaking-Wire Sensors

Both wire-grid and coated paper ov plastic velocity screens are widely
used to time the airborne part of a ballistic test. They have also been used
buried in soil targets or sandwiched between slabs of rock or concrete. Be-
cauge it was believed that the standard wire-grid screens might disturb the
deformation patterns and force fields in the target, an attempt was made to
develop wire sensors that would interfere less, by ucing finer wires in paral-

' lel arrays, less closely spaced than the screens. A developmental investi-
gation at the University tested single wires impacted by projectiles fired
from an air gun. Of particular interest was a method of wverifying how much
lateral motion of the wires occurred before they broke to give a signal. The
0.0095-meter-diameter projectile was 0.15 meter long. Twc pinholes in the
aiz gun barrel near the muzzle transmitted light to a photo-multiplier
timing system for measuring projectile velocity. The dual~-beam oscilloscora
was triggered when the aft end of the projectile passed the first pinhole
(farther from the muzzle). The wire sensor was placed 0.15 meter from the
second pinnole,so that the projectile nose impacted the first wire just as the
aft end passed the second pinhole. The time difference between the two signals
(from the second pinhole and from the breaking wire) determined the time delay
(or advance) of the breaking-wire signal. With the known projectile velocity,
the position error that would be caused by assuming that the wire brcke instan-
taneously in its orginal position could be determined.

Several kinds of wire were tested. The wires were stretched between
supports 0.15 meter apart, The first tests were performed in air. Ductiie
wires of copper and stainless steel stretched so much that the projectile
traveled almost 0.05 meter before the wire broke in impacts at 32 m/sec.
Brittle wires gave better results. A bricttle 0.000l-meter-dismeter tungsten
wire broke after abouc 0.0025 meter of travel.

Tests were then performed with the stretched tungsten wires buried in

sand. The wires broke before the projectile reached them, because of the sand

~pushed ahead of the flat-ended projectile. At 39 m/sec the distance was about
0.006 meter and at 65 m/sec about 0.009 meter from the projectile to the
initial position of the wire when it broke. In all cases the breaking wire gave
a good sharp step on the oscilloscope trace. The last group of tesats used
0.0002-meter-diameter steel music wire (static breaking force 89 N as compared
to 17.8 N for the tungsten wire). In these last tests the wire sometimes did
not break, but was deflected to one side of the projectile. A small perturbation
in the voltage trace was noted at about the time the projectile reached the
wire's initial position. Such a perturbation may be usable for timing purposes,
although it lacks the sharp step that occuts when the wire breaks.
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Two of the standard wire grid velocity screens were checked in the test
apparatus at the University. With a 12.7 mm-diameter projectile impact-
ing the screen in air at a speed 25.4 m/sec, the acreen bent to allow
about 0.0025 meter of travel before it broke. When z similar test was
performed in sand, the travel appeared to be about 0.0075 meter before
the break.

The figures quoted for distances from the initia’ wire pcsition to
tke prcjectile position when the break occurred apply, of course, only for
t.:e specific projectiles, wires and configurations tested. Sensors will
have to be calibrated in conditions similar tc those they are to be used in.

The first test firings at Eglin on 6 June 1975 were planned to test
breaking-wire sensors and capacitor sensors prepared at Eglin. Tungsten
wires and steel music wires of the types previously tested at the University
were strung between supports 0.76 meter apart, and in addition two stand-
ard wire grid velocity screens were placed in the sand near the front end
of the target. Signals were to be recorded doth by counters and on magnetic
tape recorders. No signals were obtained from any of the breaking-wire
gensors, Post-test checks showed that the velccity screens were broken
but the two other wire sensors were not broken by the 0.50 caliber projectiles,
Similar wire systems could be used in sand, especially with the larger
Z20mm projectiles, but it wouid be necessary to check them out carefully
with each projectile and test configuration, %The X-ray method could be
used as a check. Little further use of breaking-wire sensors in sand
was maede in the Eglin experiments because the magnetic sensors were so
much better, and later the X-ray method gave siill better resultsa.

2.4-2 Sensors Responding to Pressure or Deformation:
Capacitors, Pressure Transducers, and Strain Gages

Although the m:jor effort in thr experimental program was directed
toward recording trajectory information and the bow wave formation and
cavity formation, several types of sensors were tried that could give some
additional information about arrival times and intensities of the stress
and deformation waves in the target nedium.

A capacitive transducer was developed at AFATL, consisting of two
thin metal foils separated by a layer of foam rubber and encased in a
flexible electrical insulating matericl. When the sensor was compressed
along with the surrounding sand a voltage change nccurred across the
charged capacitor. This furnished timing information about the arrival of
the pressure wave. With suitable calibration it could also furnish quantita-
tive information about pressure and deformation. It also served as a good
antenna for detecting and recording the actual firing times of the flash

X~rays.

A pressure cell in the bottom of the test chamber 0.127 meter from
the front of the box also gave information about the arrival time and intensity
of the pressure waves and furnished a good signal.
One to five strain gageun were algso mounted on the aluminum plates
at the sides of the box. Good strong signals were obtcined from the gages.
The interpretation of these signals depends on the interaction between
the pressure wave in the sand and a flexural wave in the plate.
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2.4.3 Microwaves

A microwave monitoring system was reported on in 1965 by Hakala (Refer-
ence 15). Its operation gives output depending on the interference between a
transmitted signal and a signal reflected from the moving projeactile. The
transmitter and receiver were at the opposite end of the sand target from the
impact pcint. The interference frequency is a function of the projectile velo-
city. Since few details about power requirements for penetrating various
distances in dry and moist sand were availahkle, an experimental program %o
determine some of this informatic. was undertaken at the University ecarly in

! 1975.

A micrcwave oscillator of maximum power 1 mw fed a variable gain amplifier
at a frequency of about 10 Gdz through a4 coupler in a microwave horn into the
sand contained in a 1.2-meter~long box. Fcr these static experiments the
signal generator carrier frequency was modulated by a 1 kiiz square wave. The
signal was reflected from the target. which was the end of & metal rod inserted
into the opposite end of the box from the horn. Portions oi the mixed incident
and reflected signals were detected by a crystal detector. The detector output
(DC with amplitude varying at the modulation frequency) was fed to a Standing-
Wave Ratio Meter (which contained an internal amplifier with a narrow pass bani

around 1 kHz).

When the rod was moved axially by one quarter wave length the round trip
path from coupler to rod was shortened by one half wave length. The reflected
and incident waves interfered and a half wave length reduction in path was
required for the detected mixed signal to go from a maximum to a minimum.

Prcliminary tests showed a2 strong signal response at a distance of 0.30
meter with ) mw power output from the microwave amplifier. At 0.60 meter the
difference between the maximum and minimum response was down about 5 dB from
the difference at 0.3)0 meter 1indicating a power transmission drop by about a
factor of one-third, but the signal was still clearly distinguishable. 1In fact
1t was still clear at 1.0 meter. Precise attenuation factors could not be
obtained with the preliminary tect set-up, because of reflections from the sides

of the box containing the sand.

Additional microwave studies attempted to repeat with naturally moist
Eglin sand (approximately 5 percent by weight moisturecontent) the kiand of
measuremenis previously made in dry sand. With the target at a distance of
only 0.15 metur however, the attenuation was so great that the alternate con-
structive and destructive interference by the reflected signal as the target
advanced a quarter wave length was barely perceptible,

Some additional measurements with a tuned microwave horn pickup replacing
the target were made verifying that detectable microwave signals were trans-
mitted through 0.30 meter of the moirt sand even with the lov power signal

source.

It may be possible to increase the transmitted power and to obtain a coupler
ti:at will pick up & smaller fraction of the transmitte! signal to mix with the
reflected signal from the target in order to enhance the interference.
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For projectile velocity wonitoring, the carrier wave would rot be
modulated by the 1 kHz square wave. A projectile advancing at constant
speced at 300 m/sec will produce an interference frequency of approximately
20 kHz without any modulation of the original signal. This frequency will
decrease as the projeciile slowa. The amplified signal could be recorded
both on an ogcilloscope and on one or two channels of & Biomation trazasient
recorder. It would be recorded as a quasi-sinusoidal ignal of decressing
frequency, The time between » maximum and a minimum ~7 this sigral is the
time for the projectile to advance one quarter wave leangth (of the order of
0.0075 meter althoughk precise values would have to be estabilished by
calibration). At a projectile velocity of 300 m/gec the time between max-

jomum and minimum 1is about 25 x 10-6 gec, increzasing as the projectile slows.

The microvave system was not actually used in the Egliin experiments
sjnce the X-ray equipment was available, but it {s a possible option for
future use {f the power requirements can be met.

In Section III the data collected in the Eglin experiments will be
described.
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SECTION III

RESULTS OF EGLIN PENETRATION EXPERIMENTS

3.1  INTRODUCTION

During the period from 22 January to 24 May 1975 the Eglin penetration
experiments included a total of 91 shots in 17 missiona. X-ray data from
two or more stations were obtained in 74 shots (No's 14 to 91 except for
Shots 21, 28, 60, and 75). Appendix A lists datz obtained in Shots 14 through
91, except for the four shots for which X-ray data were not obtained. One
page is used for each zhot, and they are listed in order. A description
of the various kinds of data in Appendix A, both the experimentally measured
data and several kinds of information calculated in the data anzlysis, is
given in paragraph 3.3 after an cverview of the primary and secondary test

programs in paragraph 3.2.
3.2 TEST PROGRAM MATRICES

3.2.1 Primary Test Program Matrix

The primary test program at Eglin was planncd to test two projectile
configurations at three impact speeds and two target moisture conditions
(dry Eglin sand and saturated Eglin sand). With four replications of each
test the plan called for 48 shots. Four extra replications brought the
total to 52 shots as summarized in Table 3. The two projectile configura-
tions were both golid cylinders of nominal diameter 0.0198 meter, one
with a flat nose and the other with a step~tier nose, as described in
paragraph 2.3. The wet gsand was fully saturated. The letters after the
shot numbers indicate that special analysis was made of those shots. The
letter V indicates that veloc'ty data from the X-rays were fitted to a
Poncelet force law as described in paragraph 4.4, with information about
the fitting tabulated in Appendix A. The letter M indicates that the
velocity results were ccmpared with the magnetic sensor data obtained with
the velocity coils, with results of the comparison listed at the end of
each tabulation in Appendix A. The letter B indicates that a bow wave
was observed in front of the projectile in one or more of the X-rays (see

paragraph 3.5.1).
3.2.2 Secondary Test Program Matrix

Shot numbers not included in the primary test program are listed in
Table 4.

3.3 DESCRIPTION OF EXPERIMENTAL DATA

For each of the 74 shots iizted in Appendix A the position and cavity
separation angle information obtained from the X-ray records is given in
the first data group. An example i8 shown in Table 5.
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TABLE 3. SHOT NUMBERS OF EXPERIMENTAL MATRIX FOR PRIMARY TEST PROGRAM

Projectile Type
and

Velocity Range

Sand Condition 210 m/sec 320 m/sec 400 m/sec
14 B
15 20 V8 25 VB
Solid 16 22 VB 26 VMB
Flat Nose 17 v 23 VB 27 VB
Dry Sand 18 Vv 24 VB 29 ™
19 v
70 ™ 36
Solid 71 VM 37 VX 76 ™
Flat Nose 72 WM 8 v 82v
Vet Sand 3™ 7%V 83 VM
81 W™ 84 VM
s2 Vv 56 M 62 VB
Solid 53 58 VM 6] VB
Step-Tier Nose 54 VM 59 W™ 64 VMB
Dry Sand S5 W™ 61 ™ 65 VB
57 vy
42 ?9 v 50 M
Solid 43 ;0 51
Step-Tier Nose 44 41 63
Wet Sand 45 Vv 49 VM 69 W™

{V indicates that calculated velocities of nos= and center

of gravity are

Tabulated in Appendix A; M indicates what the tabulation also includes

comparison with the magnetic sensor data; B indicates bow waves were observed.)
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TABLE 4. SHOT NUMBERS OF EXPERIMENTAL MATRIX OF SECONDARY TEST PROGRAM
Projectile Target Impact Velocity Ranges
Type Medium Shot Numbers
Solid Dry 320 wm/sec
Biconic Sand 30v, 31v, 32V
Hollow Dry 350 m/sec 400 m/sec
Biconic Sand 5 v 33, 34
“Solid
Tlat Nose Dry 240 m/sec
0.15Z meter Sand 77, 18 vV, 79 VM
long
Hollow Dry 230 m/sec
Step~Tier Sand 88, 89 v
Hollow Wet 440 w/mec
Step-Tier Sand 90
Hollow Water 230 m/sec
Step-Tier 85, 86 VM, 87 WM, 91 V
250 m/gec 550 m/sec
Special Wet Sand 46 47, 48
Model Dry Send 66, 67

e

(V indicates that calculated velocities of nose and center of gravity are

listed in Appendix A; M indicates that the tabulation also includes com-

arison with the magnetic sensor data.)
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TARLE 3. EXAMPLE OF FIRST DATA GROUP

SNGT 26 ( 12 MAREH, 1976, NO, 3 )

DhNS!YY: 538, KG/MHw APPRUACHING VELUCITYS 4 Mys
IS I RN I LA T T Saag kG, "Babob2 n Ylag08ss"
X-R" STATION [ F X XN ERE EX) Nnul ~u a Nu's Nu.‘ No.s
YIME (SECOND (000108 000675 ,001687 ,003 s
5255“1 ; GR%V‘ Readadt: 59 351 W118 .o 220 . 7203 .oo°::z
MERTICAL ..I:::!:Z:I: 00982 f:43 980 §9:133 1160
NCLINATION ANGLE( 0 o 5 - -
SEBEaATTER ANEEEGSRERLe, OO0 : O 1.5 b.0
ABE;E oooooonocoooooo '::: 2'0 3!5 2,9 0,9
:ggg =§§;? ia* 60 PfICAY: 0.0250 o.oéga o.oéio 0.3230 0.033s
HOR I ZON . . 0.027 232 0.53 0.843 47
IN;SSY§§32 5u!i;§é i:; o180 a5 9:4% 0°190 A 148
M0 N 0,024 0,232 0,53 0,844
ven¥chL crecescecees =0.081 =0,074 -0tae8 «0,068 -3:657

The first line below the shiot number and date givas the target
medium: dry sand, wet sand or H-OH (meaning Hp0 for shots into water),
the density in kg/m . the projectile's approaching velocity in meters per
second as reasured by the counter start and stop veloclty screens as
described in paragraph 2.3 and/or by the time from the break-~wire on the
gun muzzle to the X-vay trrigger foil switch located on the froat of the
box ag recorded on the oscillograph atrip chart. The second line gives
the projectile type, mass in &g, nominal diameter and length in meters.
Below each X-ray station number is listed the time in seconds frow the
foil switch trigger to the firing of that X-ray. The firing times were
determined from the delay setftings and also by noting signals appeariug
on the strip chart records for various senssra. The next two lines give
the calculated center of gravity position cnordinates in meters measured
from the front and bottom of the target box. Note that the firat hori-
zontal coordinate is negative, since the projectile is still outside the
box.,

The projectile's argle of incliuation to the horizontal and the cavity
separation angles at the nose, measured wi:h reupect to the projectile axlis,
are listed in the next rwoc lines of data. A row of asterisky (Wha#)
indicates missing Jata. These angles were measuced on the X~ray negatives,
as was the measur2d nose width in meters. The next two lines are calcuvlated
liose position coordinates, corrected for X-vay beam divergence. The last
two lines give the raw data on the nose position in the X-ray picture, with
the vertical position wcasured from the row of letter markers on the wall
of the box, so that a negative coordinate indlcates Gistance below the

letters.
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For 22 shots (those not marked with a V or M in the experimental
natrices of paragraph 3.2, no further data are tabulated in Appendix A.
The other 52 shota have additional groups of calculated data to be discussed
in paragrsph 4.3, and the 26 marked with an M in the experimental matrices
of paragraph 3.2 include magnetic eensor data in the last data group, as
ghown in Table 6.

TABLE 6. EXAMPLE OF LAST DATA GROUP (SHOT NO. 26)

REERSOED TIRE OFggexxnunéni ;nun CUSb qz:r&;e.égzggg
con‘urig Nus€°38 z?ION N nax/n1~ éSgL voLTact 't

AT M O, ) <50 .9;3 },5&6

AT HéN 0 g%ﬁ 0 689 1,0 . 9
RECORDED cOIL PASETION (M)

0 as 0,778 }z01¢

orrrsninzc aerutgg“coru Agﬁoggsc AT slx;gxn vugolg“e(n)

AT RIN 9314 0.°0 0:33% 0,273

The first line of data in this last data group (see Table 6) lists
the time in secondas from the X-ray trigger coil switch time to the maximum
voltage from the four magnetic sensor velocity coils. The second line
lists the times of the minimum voltage at each of the coils. These times
were transcribed from the strip chart. The next two lines are computed
nose positions, as will be described in paragraph 4.4. The next line
lists the actual positions of the four coils as recorded in the log book,
and the last two lines record the differences between the two computed
nose positions and the actual positions. The significance of these
differences will be discussed in paragraph 4.4.

14 PRELIMINARY ANALYSIS OF TABULATED DATA

3.4.1 Nose Positions

,Nose positions as measured on the X-ray photos were recorded as
INPUT NOSE POSITION in the firat data group of the tabulations of Appendix
A (see Table 5) and also the apparent nose width. This apparent nose
width as compared to the known actual nose width provides a first-order
coriection for the divergence of the X-ray beams. A simple computer
program, based on similar triengles with apex at the X-ray source, was
used to correct all apparent horizontal and vertical distances in pro-
portion to the known correction for nose width. The corrected nose
positions are tabulated immediately above the raw data input nose positions.

3.4.2 Center of Gravity Position

The center of gravity position was calculated from the corrected
nose position and the (uncorrected) inclination angle by using the known
distance from the nose of the projectfle to its center of gravity. This
correction 4id not account for projectile yaw. Yaw was believed negligible
because of the straightness and lateral stability of the trajectory.
Further data analvsis is given in Section IV.

20




3.5 DATA NOT AMALYZED
3.5.1 Bow Waves

Several of the X-rays showed a detached shock wuve ahead of the
projectile, revealed by a density discontinuity. 1his occurred notably
in the higher speed impacts in dry sand. Iu the primary test matrix of
Table 3 shot numbers marked with a B showed well defined shock waves. Thus
the flat-nosed projectiles showed shock waves in the intermediate velocity
range also.

The bow shock wave appeared as a roughly parabolic curve (almost a
circular arc near the vertex) with vertex at a distance ahead of the pro-
jJectile nose of the order of magnitude of the projectile diameter. The
X-ray pictures have been retained for possible use in future theoretical
analysis of the deformation. Figure 4 shows tracings of two of the bow
waves ahead of the projectile nnse in two positions ian Shot 26. The
distance between the two positions is not to scaler in the figure, but
the position of each bow wave is shown relative to the nose.

Figure 4. Tracing of a Bow Wave for Shot No. 26

Similar shock waves were also observed in some of the preliminary
shots with 0.50 caliber projectiles.

21




3.5.2 Separation Angles

In some ghots the separution angles above and below appearzd to be
approximately symmetric with respect to the nose velocity vector, which
was slightly different from the projectile heading as given by the re-
corded inclination angle. In almost all of the cases recorded in the pri-
mary test program only the nose was in contasct with the sand., In future
analyses it may be possible to relate the separation angles ro the shape of
the false nose of sand formed in front of the flat-nose projectiles and/or

to the 11ft forces exerted on the nose.

3.5.3 Marker Movements

The preshot and postshot X-rays showing movement of the small steel
markers have not been analyzed. This information may be useful for
evaluating future theoretical analyses of target medium deformation.

3.5.4 Pressure and Strain-Gage Measurements

The pressurz transducer strip chart records may furnish useful data
to compare with tle obgerved bow waves and/or with future theoretical
analyses of stress and deformation wave propagetion in the target. The
strain gage measurements on the aluminum test chamber walls were also
recorded on the strip chart. These strain pulses are also related to the
pressure wave in the sand, but are strongly influanced by the response of
the aluminum piate to a traveling and varying dynamic load.
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SECTICN 1V

| CLASSICAL AND EMPIRJCAL ANALYSIS OF EXPERIMENTAL DATA

4.1 INTRODUCTION

Trajectory plots for the 52 shots of the primary teat program
are given in paragraph 4.2. Since these trajectories are very nearly
straight and horizontal throughout the 1.2-meters-long region of
observation, analysis by one-dimensional penetration models ic feasible.
In paragraph 4.3.1 computer plots of horizontal positon versus time and
of velocity versus position are given for 21 of the shots. These were
obtained by first fitting a cubic polynominal intexpolation formula to
the posirion data and then fitting a Ponczlet force law to each shot,
as described in paragraph 4.3.2, which also contains a comparison of
the values obtained for the Poncelet drag cocfficients of the 41 shots
of the primary matrix that have been analyzed by this method. Results
of magnetic seneging are compared with the X-ray data in paragraph 4.4.
This data analysis was performed at the University.

Results of a different method of determing the Poncelet coef-
ficient for each shot and also results of empirical analysis by methcds
similar to those developcd at Sandia Laboratories (References 12,13) are
given in paragraph 4.5. Variation of the drag coefficient within a
shot is discussed in paragraph 4.6 by considering separately different
segments of several trajectories. These last two data analyses were

performed at the AFATL.
4,2 TRAJECTORIES OF PRIMARY TEST PROGRAM

Computer-plotted trajectories for the 5% shots of the primary test
program matrix listed in Table 3 are shown in Figures 5 through 10 based
on the X-ray date for the positions and inclination angles. In each plot
the circles mark center of gravity posftions and the other end of the
line from the circle is the nose positon. Shot aumber is shown at the
left end of each trajectory. The horizontal and vertical scales are the
same, but each successively numbered trajectory in a figure is plotted
displaced upward one square (12.5 cm) from the preceding one. The plots
give a pictorial summary of the trajectory data. Precise positions are
given in the tabulations of Appendix A.

The most remarkable feature of the trajectories i{s their straight-
ness, following in most cases a nearly horizontal strajight line through
the 1.2-meters-long target box. All but one of trajectories have a
slight upward trend. The greatest rise, 6.2 cm, occurred for Shot 19 in
Figure 5(a). Shots 16 to 19 of this group for the solid flat-nose pro-
jectile impacting dry sand at about 210 m/sec all show a continuously
increasing angle of inclination, reaching 16.5 degrees in Shot 19. This
was the largest inclination angle recorded. Positive final inclination
angles were recorded for 31 shots, negative for 19 shots and zero for
one, Shot 76 in Figure 7(t). 7Tn dry sand the flat-nose projectiles showed
9 positive and 4 pegative final inclination augles while the step-tier

P e e ——— e
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projectiles showed 5 positive and &4 negative. In satursted sand the fiat-
nosea chowed 11 positive and 2 negative final inclination angles while the
step-tier noscs showed 7 positive and % negative. The largest negative
angle was ~14.5 degrees in Shot 53 of Pigure 8(a). This was also the only
trajectory that did not rise.

Some of tne trajectories show a continued rise, even with a negative
angle, This is most evident in Shots 27 and 29 of ¥igure 7(a) for the
flat nose impacting dry sand al. 400 m/sec. The X-ray pictures show that
during the part of the trajectory observed only the flat nose was in
contact with the sand, so that no forces were acting on the afterbody

surface. .

Since the trajectories are so straight in the region of observation,
analysis by one-dimensional penetration wndels is reasonable, for example
the Poncelet force law to be discussed in paragraphs 4.3 and 4.5 and
the Cavity Expansion Theory peretration model i. Section V.

4.2 ANALYSIS AND DISCUSSION OF TABULATED POSITION-TIME RESULTS BASED
ON X-RAY DATA

4.3.1 Cubic Interpolation, X, t-ploxs and V, x~plots

‘ Velocity analysis has been carried cut for 52 shots for shich couwplete
X-ray data (5 stations) were available. This includes 41 shots from the
primary test program and 1L from the secondary program (those marked with a
V in Tables 3 .nd 4.) In the data raduction at thte University of Florida, the
velocity analysis wus performed firs: by fit:ing a cubic interpolation
formula to the data, and later improved rzsults for the x-component of the
center of gravity velocity were obtained by fitting the data to & formula
derived from the Poncelet force-law penetration model. The Poncelet law
fictings will be discussed in paragraph 4.3.2.

The coefficients of esch cubic polynomial are liated in the tabulations
of Appendix A.

For example, for Shot 26, the tabulated coefficiente for C.G. VELOCITY
X-COMP. {imply the polynomial

x = =-0,1277 + 392.3¢ - 66,190:2 + 3.1432,000!:3 ) (1)

for z in meters and t 1ii seconda. ‘The ~oefficients were determined by a
least-gquaxes fit, At the end of each set of tsbulated coefficients is

listed the standard deviation in m2tz2rs [square root of the sum of the equares
of the differences l.etween the measured x-positions and those calculated by
the cubic at the times of firing of the X-rays]. For Shot 26 the standard
deviation {8 0.0014 meter for the x-comyonent, indicating a very good fit.

Velocities were calculated from the fitted cubics. For example, for
Shot 26 the center of gravity x-—component velocity is given by

v = 4% - 393.3 - 92,380t + 10,296,000t% w/sec (2)
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Thia shculd give a good approximation to the velocity neac the ceuter of
the interval, but larger errors would be sxpected at the ends. Computar
plote of: (a) the ralculeted x,t-curve and (b) ths calculated V,x-curve
for 21 shots of the primary test progras are ahown in Figures 11 through
52. On each x,t-plot the five exparimantal data points are marked by

, squares. The solid curvn is the fitted cubic, and the curve marked with
f vertical strokes iz a curva based on the Poncelet force law; to da discussed
in paragraph 4.3.2. 1t i¢ eeen that the fitted cubic x,t-curves ugree
very well with the experimantal data. The cubic and Poucclet x,t-curves
are aleo close to each other througl the whole interval. Their slopes
begin to differ at the ends of the intervals of observation. The V. x~
plots by the two methods therefore show considerable differences at ths
ends. The cubic Ainterpolation would give completely unreasonable results
outside the interval of observation (0 to 1.2 meters).

4.3,2 One-Dimensional Analvsis of Velocities by Fitted Poncelet Force Law

The Poncelet force law (Reference 2) takes the following form,
after dividing through by the mass m of the projectile,

v 2
it A+ BV &)

where A and B are pa~ameters depending cn tho target material as well as on
m, TFor the high velocities in the iaterval of ohservation ir the present
program, the contribution of A is negligible, and the V,x~curves have been
fitted by takirg A equal to rerc and Jdetercining a bea: fit for B by a non-
linear regreasion procedure that minimizes the standard deviation from

the experimencal date of the x,t-curve obtained by integrating Equation (3).

Bquation (3) can be integrated explictly for given initial data
(Vo, X, to) ro obtain

Ve [(% + voz);zn(x—xo) _ % ]1!2 %)
or, with A =« 0

vy o BOex,) ()
With V = dx/dt a second integration of Equation (5) gives then

x-x = %ln (14 BV _(t=t )] (6)

The more complicated case, with A ¢ 0, is discussed in Section V on the
Cevity Expansion Theory.

Equation (6) was fitted to the experimental x,t-data. A nonlinear
regression is recuired. The procedure follewed in this seciion was to take
initial conditions X, Vo. and to from the sxparimental data and the cubic
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interpolation results of paragraph 4.3.1. A different procedure will be
used in paragraphs 4.5 and 4.6. Measured approach velocities were availl-
able but there was some uncertainty atout the exact time the nose of the
projectile first impacted the target. Poaitions at the times of the X-ray
firings were more precisely known. The majority of the aralyses (33 shots)
vere therefore made with Station 3 &8 initial-value point, with V, = V4 as
given by the cubic interpolation, since that point iz near the middle of
the intervel where differentiation of the cubic interpolation formula
shouid be most accurate. Calculated velocities at Stations 1 and 2 were
then obtained for negative values of t-t_ and x-x_. For 19 shots that

} procedure led to unreasonably large calculcted vafues for Vv at x = -0.115
! neter where V ghould be equal to the approach veloeity, For these

| cagses the analysis was therefore made with Station 1 selected as initial

point.

In the tabulations of Appendix A the value of V, is tabulated as
VO on the line below the tabulated Poncelet drag coefficient. For example,
for Shot 26 the value VO = 267 is listed. Comparision with C. G.Vel.X-Comp.
values four lines above this entry shows that in this case V,*V3. For
the 21 cases plotted in paragraph 4.3.1, the captions include elther the
] statement V, =V, or VO-V3, and it is also easy to tell from the V, x~plots

vhere they were made to agree.

All the fitted Poncelet curves (those marked by vertical strokes)
now give a reasonable agreement at x = -11.5 cm with the measured approach
velocity.

The standard deviation of the x-positinmns calculatad by Equation (6)
from the experimental values is tabulated for each case in Appendix A
immediately following the tabulated Vo.

The Poncelet drag coefficient tabulated on the same line is related
to the coefficient B of Equation (1) as follows. In aerodynamics a
dimensionleas drag coefficient is defined such that the drag force on
an object of projected area Al on a plane perpendicular to the velocity
is given by

Inertial Drag Force = DAICDVZIZ (€))

where p is the density of the medium being traversed. Comparison with
Equation (3), neglecting A, shows

B = pAICD/Zm or CD - ZmB/DAl (8)

The projectile mass in kilograms and the target sand density in kg/m are
tabulated for each shot in Appondix A.

Table 7 liats the Poncelet drag coefficients C_ for each of the
41 shots of the primary test program whose velocities were analyzed. Tn dry
sand there is little variation with tmpact velocity of the value of Cp
required to fit the X-ray pousition time data in the regior observid. These
dry sand results are well characterized by the Poncelet force law with a
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TABLE 7 . PONCELET/DRAG COEFFICIENTS CALCULATED FOR PRIMARY TEST PROGRAM

Projectile Type Impact Velocity Range
' and
‘ 210 m/sec 320 w/sec 400 w/sec
. Sand Condition .
f Shot CD Shot CD Shot CD
. Solid 17 1.64 20 1.77 25 1.68
f 18 1.62 22 2.350% 26 1.65
Fiat Noge '
‘ 19 1.69 23 1.72 27 1.77
i Dry Sand '
24 1.72 29 L7
Avg  1.65 Avg  1.74 Avg  1.76
f Solid 70 1.59 37 0.95 76 0.96
: 71 1.55 38 094 | 8  0.73
é Flat Nnse
{ 72 1.36 74 1.02 83 0.82
Wet Sand 73 1.23 81 0.96 84 0.78
3 Avg 1.43 Avg 0,97 Avg  0.82
'; Solid 52 1.81 56 1,78 62 1.83
3 54 1.90 58 1.91 63 1.81
X Step=-Tier
] 55 1.89 59 1.67 84 1.92
. Dry Sand ’
3 57 1.62 61 1.82 65 0.54%
'_ Avg  1.80 Avg  1.80 Avg 1,85
Solid 45 1.24 39 0.72 50 0.79
i 49 0.82 68 0.61
Step-Tier
69 0.71
Wet Sand
Avg 1.24 Avg 0.77 Avg 0.70
(Values marked wit® excluded from average)
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value of = 1.7 for the flat-rose projectile and = 1.8 for the step-
tier projectile. In paragraph 4.6, a different method of determining
Cp is presented, however, which shows up variations in Cp along a tra-

jectory.

In the wet sand (fully saturated) there is a downward trend of &)
as the impact velocity increases, indicating that the penetration 1is not
well characterized by a Poncelet force law with coefficients independent
of velocity. There ig also more scatter in the Cp values obtained for
some of the velocity regimes in the wet sand.

The saturated sand values are all lover than any of the dry
sand values (except for Shot 65, which is believed to be in error). Shot
No. 87 into a water target at 241 m/sec was fitted by = 0.51. Apparently
the fully saturated sand tends to respond somewhat like a water target.

Magnetic sensor response 1s compared with X-ray data in the fol-
lowing paragraph.

4.4 COMPARISON OF MAGNETIC SENSOR RESULTS WITH X-RAY DATA

For the 26 shots marked with an M in Tables 3 and 4 the cubic inter-
polation formula described in paragraph 4.3.1 was used to comoute the
nose position of the projectile at the time of maximum aud minimum coil
voltage from each magnetic sensing coil. These are compared to the coil
position in the last data group tabulated from each of these shots in
Appendix A, The differences between these two positions (tabulated in two
last lines) give the appa.ent distance back from the nose to where the
maximum outward radial compcnent of the projectile's magnetic field cut the
sensing coil (or the maximum inward component for the minimum voltage case).

In Shot 26, for example, the distances were 0.024, 0.023, 0.035, 0.042
back to the apparent maxima. The first two of these agree quite closely
with the laboratory mapping of the magnetic field of the projectile reported
in paragraph 2.3, which indicated that the maximum should occur about 0.02
weter back from the nose of the flat-nosed projectile if the magnetized
projectile passed through the center of the coil., There was some dis-~
crepancy at the last two stations, but an error of 0.02 meter {is quite small
compared to the position coordinate of 1.076 meters at the last station.

Shot 26 had one of the straightest trajectories.

Larger discrepancies are recorded for several shots. The largest
positive difference noted is for Staticn 2 of Shot 50 where¢ tne apparent
maximum was 0.063 meter back of the noge as compared with the laboratory
measurement of 0.022 meter for a solid step-tier projectile. Zince this
occurred at Station 2 (position 0.486 meter ) it would represent about an
8 percent error in position indication.

For several stations a negative difference was noted. Tha largest
wag -0.027 meter for Station 3 in Shot 58, alsc a solid step-tier pro-
jectile, indiccting an apparent maxinum 0.027 meter ahead of the ncse or

0.049 meter ahead of the maximum position according to the laboratory
measurement of the field, leading to a 6 percent position error at Station 3.
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In the majority of the cascs the apparent arrors were smaller than
these. No labcratory mensurement was made for the hollow step-tier pro-
jectileg, but differences bLetween computed nose positions and coil positions
for them in Shots 79, 86, and 87 were in the range of the diflerences for

the solid projectiles.

A possible source of the errors could be off-center projectile paths,
although both Shots 50 and 5€ had quite straight trajectories according to
the X-ray records. Other possible sources of error sre imprecise measurement
of coil positions and/or muximum time on the strip chart and possibly
distortions of the magnetic field of tne projectile caused by the impact.

It is believed that the X~-ray data are generally more precige than
! the magnetic sensor data. Nevertheless the investigation haa indicated that
the magnetic sensing method can give quite good results, and it is certainly

an economical method.

{ A different procedure for determining the Poncelet drag coefficients
will be presented in paragraph 4.5, which also considers application of the
empirical penetration formula developed at Sandia Laboratories (References

1 12,13).
4.5  COMPARISON OF PONCELET AND SANDIA EMPIRICAL PORMULA RESULTS

The Sendia empirical formulas (References 12,13) are rewritten here
in SI units. Thus, according to Young (Reference 13) the total depth of
penecration D is given in terms of the initial impact velocity V, by an
equation of the form

D = 0.0117 xsu(w/Al)”z(v° - 31.5) for V, > 61 m/sec 9)
/
or by Ve
D = 2KSN(W/A)Znl[L + 2V 2(107%)] for v < 61 w/sec (10)
V% o
/// W 18 projectile weight

A1 is cross sectional area

Since all Ampacts ir the present study had Vo > 61 m/sec, a procedure based
on & method used by Young (Reference 13) to modify Equation (9) for use with
layered media was used ro analyze the Eglin experiments. In Equation (9),
N 19/3 nose coefficient, S is a soil coefficient, and K 18 an independently
determined parameter. Since K, S, and N appear only as the product KSN, the
rocedure fcllowed was to determine the best value of KGN to fit the experi-
~ mental velocity versus position data. The projectiles for the present
experiments were considerably smailer and lighter than those for which the
/! empirical formulations and scaling laws had been shown to give gooud results.

. / 7 According to Young (Reference 13), for Vo > 61 m/sec the constant A
L in the Poncelet Equation (3) of paragraph 4.3.2 is negligible, so that
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Equation (5) is the apprcpriate form of - MShiut o Te v late velocity
to position, narely (with x = 0)

vy e (1

In the procedure of this section both the Poncelet parameter B and the initial
velocity V. at x = 0 are considered as unknowns to be determined from the
experimentsl data of Appendix A as follows. The velocity V, at four positions
x,, each located midway between the positions of the projectile in two
successive X~ray pictures, is calculated as Vj = Axilﬁti, where Ax, 1s the
distance travelcd during the rtime between the firings of the two x-rays.

Then the regression procedure gives

B e ((txi)(%tlnvi) - Exilnvi]/Iinz - %—(in)(}:xi)] (12)
and .
1
v, = Exp [zlnv1 + za(zxi)} (13)
where 4 = ) to 4.

The Poncelet drag coefficient CD is then given by CD = ZmB/pAl as in Equation
(8).

The basis for the application of the Sandia empirical formula to
layered media (Reference 13) was the assumption of constant deceler “ion
through each layer. Thus if a_ 1s the acceleration magnitude nondi+ -sion-
alized with respect to g, the acceleration of gravity (so that a g i ‘he
dimensional deceleration), then the velocities V. ,; at the beginning ad the
end of a layer were related (Reference 13) by

2 2

L
Vn+l - Vn - 23[(an_1 + an)§-+ an(tn - L))

(24)

where t is ~he thickness of the layer and it is assumed that t,>>L. For the
flat-nosed projectile, with L =0, Equation (14) reduces to

2

otl (15)

2
v Vn - Zangtn

vhich is the basis for the following regression prucedure to determine the
Sandia parameter KSN. Let

. 2 2 .2 i/2
G = '«1/[0.0117(v1 - 30.5)(v1 - vi) (W/A) ] (16)
Then
o I(x, - xl)(%EGi) - I(x, - x)(G,)
DOy - %% = 4100y - x)] (20 - %] (7
1 =2 to 4

The different regression analyses presented in this paragraph and in
paragraph 4.3.2 gave for the classical Poncelet equations in most cases almost
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the same results for Cp. The results for Cp as a function of initial
velocity for the solid flat-nosed projectiles in dry sand and in wet

sand are summarized in Figure 53. When rhe two regression results differed
eignificantly the result of paragraph 4.3.2 was used. As shown by the solid
triangles the value of is almost independent of the initial wvelocity

in dry sand, while the values for saturated sand (marked by the solid
circles) ave lower than for dry sand and show a downward trend with

iacreasing initial velocity.

A similar plot of the fitted value of the Sandia parameter KSN for
the same shots is shown in Figure 54. The greater acatter in the fitted
values of KSN than in those of indicated that these penetration events
are not well characterized by a single value of KSN for each shot. The
greater discrepancies with the Sandia equation can be explained in part by
the assumption of a conastant deceleration wrnyzuitude in each segment, in
contrast with the Poncelet prediction v+'i.n does fit the dry sand experi-

mental data very well,

In paragraph 4.6 the r~ .ible variation of the Ponrelet coefficient
with pusition along a tr '~ ..ory is examined by fitting separace values
for different portions the trajectory fcr each shot. Some of the values
¢l v und KSN for .ae shots analyzed by the regression methods described
in this sev...» will also be given in Table 8 for dry sand and Table 9 for

wet sand.

4.0 DRAG COEFFICIENT VARIATION WiITH POSITION ALCNG A TRAJECTORY

The favorable agreement with the experimental data of the position-
time and velocity-position curves calculated by the Poncelet force luw
suggeated further analysis by this model. The variation in the drag coef-
ficient along a trajectory was examined for some of the solid flat-ncse
projectile \rajectories, for 9 shots in dry sand and 10 in wet sand, including
examples fro.: each of the three impact velocity regimes of the primary test
program, These calculations were made by separately evaluating the Poncelet
parameter B for three different segments of each trajectory by the

following equation.
B = pCDA1/2m - [Zn(Vn/Vnﬂ)]/(xn+1 - xn) (18)

where subscripts n and n + 1 identify values at the beginning and the end of
a segment.

Tables 8 and 9, for d4dry sand and wet sand, respectively, exhibit in the
third column the resulting drag coefficients calculated by Equation (18) for
three segments of the trajectory for each shot. The tables also .ist in the
last two columms some of the values of and the Sandia parameter KSN fitted
to the whole trajectory by the methods of paragraphs 4.3.2 and 4.5. When two
values of C,, were listed for a shot, the first was calculated by the method
of paragraph 4.3.2 and the second by the method of paragraph 4.5.

As was pointed out at the end of paragraph 4.3 the values fitted
to the dr) sand shots are consistently higher than those for saturated sand.
Moreover “he wet sand values show a downward trend with increasing impact
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TABLE 8. DRAG CCEFFICIEN(S CD AND KSN VALUES FOR SELECTED SHOTS IN DRY SAND
(SOLID FLAT-NOSE PROJECTILES)
Shot Striking Seguent Distance Average Velocity Shot Shot
No. Velocity ¢p (m) (m/sec) Cp* KSN
{m/sec)

17 212.1 1.779 0.320 174.1 1.643 3.05
1.590 0.590 139.3 1.779
2.049 0.901 108.6 .

18 213.4 1.887 0.3G7 174.6 1.624 3.20
1.673 0.570 139.3 2.230
2.413 0.826 106.5

19 210.6 1.849 0.311 176.5 1.692 3.17
1.880 0.573 139.6 1.973
2.149 0.880 106.5

20 329.2 1.678 0.295 268.1 1.769 2.26
1.910 0.552 214.8 1.786
1.687 0.862 168.3 .

23 328.2 2.014 0.300 269.5 1.72% 1.77
1.578 0.552 216.0 1.867
2.152 0.863 168.7

24 327.4 1.643 0.269 265.9 1.723 2.59
1.774 0.525 217.8 1.765
1.814 0.826 172.0

25 406.0 1.842 0.277 329.1 1.685 1.38
1.400 0.534 264.2 1.561
1,615 0.832 211.3

26 406.3 1.733 0.280 329.6 1.649 1.70
1.76C 0.538 266.5 1.670
1.515 0.810 214.0

29 405.0 1.933 0.281 330.8 1.706 1.54
1.761 0.522 266.3 1.735
1.625 0.839 214.0

*
First listed value of CD calculated by method of paragraph 4.3.2
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TABLE 9. DRAG COEFFICIENTS Cp AND KSN VALUES FOR SELECTED SHOTS IN WET SAND
(SOLID FLAT-NGSE PROJECTILES)
Shot Striking Segment Distance | Average Velocity | Shot Shot
No. Velocity % (m) (m/sec) Cp* KSN
(m/sec)
7 207.9 2.167 0.268 182.3 1.545 1.614
1.569 (.519 134.2 1.802
1.921 0.826 98.8
72 214.0 1.302 0.285 181.1 1.359 3.40
1.561 0.541 162.3 1.564
1.673 0.865 104.9
73 212.8 1.410 0.287 180.9 1.233 2.92
1.288 0.549 143.6 1.474
1.697 0.878 108.13
37 336.5 1.134 0.298 279.6 0.947 2,214
0.824 0.559 237.0 1.023
1.218 0.833 196.6 ]
38 333.1 1.032 0.309 284.0 0.937 2.36
0.924 0.587 240.2 0.969
0.997 0.917 200.1
74 334.0 1.240 0.309 282.7 1.01¢
0.923 0.580 233.4
1.230 0.917 189.7
81 333.6 1.023 0.309 278.7 0.96)
0.885 0.570 236.3
1.308 0.896 193.6
82 404.8 0.985 0.308 343.2 0.228
0.645 0.562 299.3
0.499 0.889 269.2
83 419.4 1.228 0.307 347.0 0.819
0.697 0.547 298.5
1.148 0.854 258.7
84 405.7 0.978 0.308 333.3 10.777
0.584 0.545 294.0
1.322 0.843 253.0

Y .
First listed value of Shot CD calculated

by method of paragraph 4.3.2
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velocity, while for dry sand the values were esaentially i{ndependent of
striking velocity.

Of pa.ticular interest here is the change in Cp along a trajectosy
as shown by the two or three different values listed in the third colurm
for each shot. In many cases the first segment is higher than the
second and then the trend is reversed to give a third segment Cp higher
than the gsecond. This patterm is followed in 8 ~f the 10 wet sand cases
ang in 4 of the 9 dry sand cases, for which three segments were calzulated.

The dry sand coefficients show less variation along the trajectory
than the wet sand coefficients, a varjiation of the order of 30 percent
between the maximum and minimum values in dry sand and two or three times

this much variation in wet sand.

This variation might imply that Cp is velocity dependent instead of
being a constant. It seems that in gome cases the drag coefficient varia-
tion can be fitted to a power law in the valocity. An example of this is

given 1n Section VI.

The apparent variation in the coefficient may, however, actually be
a result of assuming an incorrect form for the force law. 1If the force law
contains a term linearly dependent on velocity in addition to the term
depending on the square of the velocity, both with constant coefficients,
this would lead to an apparent variation in the Cp determined by Equation (18),
which is based on a law where the force is proportional to the square of the

velocity.

The high drag at the beginning of the trajectory may ~1so be relaced
to shock effects involving not only the velocity but also the ._pulse
duration and the acoustic impedance of the target medium. The minimum £,
appears to be related to momentum transfer to the target medium, whure
the predominant drag is proportional to the square of the velocity. F. . ally,
as the projectile slows and the cavity collapsee onto it, friction and
shear resistance in the target medium become important. gilving rise to en
increase in the apparent drag coefficiant.
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SECTION V
CAVITY ENPANSION THEORY PENETRATION CALCULATION

In 1975 Bernard and Henagud (Raference 6) pubiished a rrport e¢-.ending
the approximate penctration celculation method for projectiles with a hemin~
pherical nose, based on the theory of uxpansion of & spherical cavity (CET),
to projectiles with conical and ogival noses and showiang how it could bhe
extended to an arbitrary axially sysmetric projectile, The first . > of
CET wmetnods for dynamic penetration was by Goodt=r (Refererce 26) for s
spherical project! 8 impacting an incompressitle strain harloniang target.
Hanagud and Rors (Reference 3) modified the method to account approximately
for target compressibility by treating the target matcrial as a locking
medium. The method has been applied to penetration calculations for flat-
nose projectileg by Rohani (Reference 4), with the implicit assumption that
a false hemispherical nose of target material is formed and zarvied by the
) projectile 2long a stable straight path.

PP R RSt G SR,

1 It should be remembéred that sev. .l quite important assumptions are
made in applying the cavity expansion mervnod to penetration calculations, so

that extensive experimental verification is neressary to check on the range

‘ of approximate validity of pradictions by the method. Nevartheless it has

{ achievaed some remarkable success in predicting penctration depths frowm

4 measurec soil properties (References 4,6,7). Bernard and Hanagud (Reference
6) defined a dimensionless parameter R,, which ghe; call the solid Reyaolds
number 2 T -

: \
R = &0 (19)
] Y

where ¢ 1s target density, Y is target yield strength in a unisxial gtrain
test, and V is projectile velocity. It was concluded that final penetration
depth was reasonably well predicted for R, betveen ie¢ro and about 100. They
consijered the upper bound of 100 as a conservative one, since results of
experiments at high values of R, are needed in order to establish a more
realistic range. They remarked that gccurate prediction of detsila of the
complete deceleration history might demand & auch stronger limitatiea on Ry

According tc tha spherical cavity expansion theory for an infinite
locking compressible medium the compressive normal stress p at the cavity
surface 13

3 o2
P=P, + Pr * P, + °p (Blnh + Bza ) (20)

vhere p_ and p, are the separate contributions nf the naterial deformation
(shear)'and inertis, which Bernard and Hanagud (Reference 6) call the shear
resistance and the dynamic pressure, respectively. In tiis equction p_ is
4 tha locked plastic density in the region behind the expand.ng !phericag
plastic locking shock wave, a is the inatantaneous cavity reli{s, &, and i
are the redial velo:zity and acceleration of the cavit: sur’ace and Pg Bye
: and B, are parameters related to properties of the material, The way thesc
{ parameters are calculated will be indicat2d later in this section.
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In applying this theory to penetration by a projectile with a hemi-
spherical nose two very important assumptions are made (References 3,4) ir
order to get a simple theory.

(1). The parts p_ and Py of the normal pressure at the tip
of a hemispherical nose o? radius a on a projectile traveling at speed
V and acceleration ¥ are assumed to be equal to the values of pg and pp
on a spherical cavity surface of the same instantaneous radius a, but

.

expanding with a8 = V and 4 = V,

(2). The entire hemispherical nose 1s assumed to be in contact
with the target material, and the dynamic pressure on the projectile's
hemispherical ncse is agssumed to vary from the stagnation point value at
the nose tip to zero at the shoulder as the cosine of the polar angle
measured froam tip (colatitude), while P is uniform over the nose.

If friction ou the nose and all afterbody forces are neglected
this leads in & straightforward manner to the following equation of motion
for the projectile of mass M

2 3

dv 2z 2
M + 3ma ppnl)dt = - ma"(pg +

(21)

l%N
=~}
<
A

p 2

The term Zwa3p By 18 an added mass term resulting from the acceleration term
P Blaa in"the expression for the dynamic pressure in Equation (20). In most
cBsés that have bzen treated the added-mass term was negligible in
comparison to tlie projectile mass M. .

In modifying the method to other axisymmetric nose shapes, Bernard
and Hanagud replaced the assumption on the variation of p, over the nose
surface by an assumption on the varifation along the nnse of the tangential
component V, of the target absolute velocity. For e fully embedded nose,
the material was assumed to be irn contact all along the nose surface (no
separation before the base of the nouse), an assumption which they recognized
was nut generally strictly correct. The normal component V. of target
material velocity was therefore required to be equal to the normal component
of the velocity of the projectile nose surface. For a conical nose of
half apex angle ¢, it was assumed that the tangential component of target
velocity varies from V cos 4 at the nose tip to zero at the base of the
cone, according to the law

2]1/2

v, - [1 - (z/L) V cos ¢ O<z<L (22)

where L is the nose length and z 1s the axial coordinate measured back from
the tip of the nose. The velocity dependent part of the dynamic pressure

p; was then assumed to depend on thz local resultant particle velccity
magnitude V_ = [Vg + V%]l/2 in the sare way that p; depends on & in the
spherical cgvity expansion theory. Similar assumptions cduld be made

about the dependence on the local particle acceleration on the nose surface,
but because that term is usually much smaller than the velocity-dependent
term, Berrnard and Hanagud (Reference 6) chose to use the nose tip acceleration
V, so that py 1s given by

. 2
Py ppBlaV + pplazvp 23)
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where V_ varles over the nose while V does not, Integration of the axial
force cgmponent over the nose then gives the following equation of wotion,

replacing Equation (21)

3 av __ 2 e ul
(M + na ppBl)dt ta (Pa + psz.nV ) (24)
where the dimensiorless nose-shape factor fn is given for a conical nose
of length-to-diameter ratio L/D by

2
2 4(1/D)
R T LES! (25)

Besides containing the factor fn in place of the factor 3/2, Equation (24)

differs from Equation (21) by lacking the factor 3/2 in the term containing 3;.

Bernard and Hanagud (Reference 6) observed that with the assumption
listed above the variation in f_ as L/D variec from zero (flat uose) to
infinity (long pointed nose) produces a variation in predicted final pene-
tration depth by a factor of three. For L/D = 0.5, f, is 3/2 and the pre-
diction 1is the same as for the hemispherical nose, when the contribution of
the added-masa term containing B, is negligible.

For other fully embedded convex axisymmetrical nose shapes, Bernard
and Hanagud (Reference 6) gave a method for estimating V, and V. at any
position on the nose by considering the circumscribed cone tangent tr the
nose at the point. The base of the cone was in the same plane as the actual
noge base, but the tip was forward of the actual tip. The components ¥
and V_ at the point of tangency were assumed to be equal to the values of V,
and V¢ that would be assumed on the circumiscribed cone at the point cf
tangency if it were an actual conical nose, calculated by the procedure
described above for conical noses. This gave a continuous variation of V,
over the nose, dropping to zero at the base of the nose. Explicit formulsas
for Vp and py as a function of position on the nose were j3iven for ogives
(Reference 6}. For the special case where the ogive is a hemisphere, the
distribution of p; over the nose as calculated by this procedure differs
slightly from that given by the previous procedure assuming pg to vary as
the cosine of the polar angle. But the resultant axial force is the same
when the added-mass term containing B1 is negligible.

Because of the formatlon of a false nosz of target material, it
does not seem reasonable to apply these assumptions to actual flat-~nose
projectiles. Neither the X-rey pictures nor post-test examination had shown
the actual shape of the false noses formed in the Eglin penetration experi-
ments. In the following aralysis of Shots 20 and 21 of the Eglin experi-
ments two kinds of assrumptions were made for the cnape of the false nose.
The first assumption was & hemispherical nose, leading to Equation (21) for
the equation of motion. The second kind of assumption was a conical nose,
leading to Equation (24). The second assumption was applied for L/D values

of 0.5, 0.4, 0.2, and 0.

The material properties for the dry sand target were determined as
{ollows. The shear or deviatoric properties were based on a triaxial test
performed in the Civil Engineering Labo.atories at the Universicty. Figure
55 shows a plot of 0y - 04 versus €;, where g; and ¢) are axial compressive
stress and strain and o4 18 the constant lateral confining pressure of
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0.589 MPa. The dots denote the exparimental curve while the two straight
lines are the bilinear fit to it. From the bilinear fit the values of

E = 354 MPa, Et = 1.39 MPa, Y« 1.4 MPa (26)

were determined for the elastic modulus E, tangent modulus E, in the plastic
regime, and yield stress Y (at the intersection of the two straight lines).
The bilinear approximation, required for the simple cavity expsnsion theory,
seems to be quite a reasonable one for the triaxisl test curve.

The required ecpproximation to the compressibility properties,
determined from a unluxial strain teot as shown in Figure 56 is more extrems
and more arbitrary. It {s necessary to spproximate the curve by two vertical
(incompressible) lines joined by a horizontal jump representing the change
in density from tha locked elsstic density at uniaxial strain ej;, to the
locked plastic density at uniaxial sirain ¢, upon the passage of the plastic
shock weve, The approximsations assumed corgenpond to uniaxial strain values

of Elastic ¢, = 0.03 Plastic € " 0.094 27)
The initial density was Po ™ 1540 ks!n3. Thea

b, = 1700 kg/m3  aad Polop = 0.906
leading to the following numerical valiues for constants in the theory

(28)

Y 1
8= E-3 " 0.00296 ap -] - (polpp) = 0.094
gn1- (oolpp)o"” - 0.1020 B, =1 - ¢ = 0.533
B, - 1.5+ (1+ap)61l3 +0.56%3 = 1.013

p, = 32(1-a™) - 21 a8 + L5 w2, - Be (F (6" /mD)) < 3.396 1pa
(29)

The formules for B8, cg. Bl' B,, and p, are as given ir Hanagud snd Ross
(Reference 3), and differ slifhtly from the versions in Bernard and Hanagud
(Peference 6). The differences have to do with inclusion of various terms
that contribute little to the actual numerical values obtained. With this
value of B), the added-mass term containing B; in Equations (21)or (24) ie
0.00285 kg, which 1is negligible in compsrison to the projectils mses m
(0.5451 kg in Shot 20 and 0.5443 kg in Shot 25). The equation then takes

the form

a"—‘t’ .~ (A + BVY) (30)
as in the Poncelet foirce law. Equation (30) is integrated to give
x = x, + 3nlcos(/AB (t-t)) + /BTA V sin(/AB (t-t))) (31

and

v - ((_:_ + voz)‘"'zs(x-xo) - %}1’2 (32)
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These results are pleotted in Figure 57 for Shot 20 and Figure 58 for
Shot 25. The coefficiernts A and B for the two shots have the values shown
in Table 10.

TABLE 10. COEFFICIENTS FOR CAVITY EXPANSION THEORY PENETRATION CALCULATIONS

Shot 20 Shot 25
Curve L/D  Ain/sd)  B(x"}) Curve L/D  A(n/s®) Bl |
- 0.5 1900 0.6614 1 0.5 1903 2.6624 |
2 0.4 1900 0.7340 2 0.4 1903 0.7351
3 0.2 1900 0.9009 3 0.2 1903 0.9023
4 0 1900 0.9922 & 0 1903 0.9936 ?
!

Also plotted in each figure is the fitted Poncelet curve through the
experimental points. The agreement is fairly good for the hemispherical
nose {(Curves 1, L/D = 0.3), overestimating the penetration by 3 to 5 per-
cent and the final velocity by about 1l percent in Shot 20. The xt~curve
for L/D = 0.4 (Curve 2) is essentially coincident with the experimental
curve in each case. The Vx-curve is also coincident with the experimental
curve in Shot 25 and overestimates the final velocity by only 3 percent for
Shot 20. It is emphasized that the parameter values used for the predicticn
were determined from the two static curves as shown in Figures 55 and 56.
Thes - parameters were determined before calculation of Figures 57 and 58. No
adjustments wvere made to the parameter values to get a better ngreement with
the experimental results.

Thus, with an assumed false conical nose with L/D = 0.4 the details
of the deceleration history are remarkably well predicted for Shots 20 and
25 in the region of observation. The prediction with an assumed aspherical
nose (or a cone with L/D = 0.5) is also not bad. The solid Reynolds number
for these two shots is Ry = 127 for Shot 20 and Rg = 181 for Shot 15, both
above the range of Ry in which the cavity expansion theory wes known to
give good results. (See the discussion following Equation (19).)

Any attempt to apply the theory directly to the flst-noged projectiles ‘
by using the limiting case of L/D = 0 as in the Curves No. 4 in Figures
57 and 58 would greatly overpredict the drag and underpredict the penetration
for Shots 20 and 25.

It 4s concluded that the cavity expsnsion theory mcthod has consider-
able merit despite the strong sssumptions involved in its application to '
penetration theory. For projectiles with actual ccnical or cgival noses or
other nonflat axisymmetric shapes it should prove profitable to consider
oblique impacts and attempt to modify the thenry to apply locally to a sur-
face area element somewhat in the manner of the assumed differential area
force laws to be discussed in Section VI. This has not been done yat for a
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complete trajectory, although dernard and Hanagud (Reference 6) discussed
| the embedment process at the beginning of an oblique impact for a pro-
Jectile with 2 conical nose,

It might also be possible to make similar calculations for the
flat-nosed projectile, but this would severely test any assumed falee
nose shape. It may be possible to obtain some hints about the false
nose shape from a study of the separation angles as shown in the X-rays.
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SECTION VI

RIGID BODY MOTION IN A SOIL MEDIUM

6.1 EQUATIONS OF MOTION

Soil penetration prediction techniques as classified by Triandafil-
idis (Reference 1) are considered to fell int¢ two broad categories
i.e., mathematical and experimental. Under the bryad heading of mathema-~
tical further suggested subdivisions are semi-aralytical, analytical and
thaoretical. The semi-analytical techniques listed in Reference 1 were
all restricted to completely normal penetration. Even the cavity expansion
models, classified as analytical, are also restricted to normal impact.
Oblique impact may be analyzed using an analytical Differential Area Force
Law (Reference 8). However, a computer program based on this type of
aunalysis has limited access because of proprietary restrictions, as well
ag being expensive to operate. 1n light of the above, a siudy was initi-
ated to develop a simple multidegree-of-freedom set of equations of motion
for bodies of revolution in & scil medium. The ground rules for this devei-
opment are as follows:

1. The projectile was to be a body of revolution with zero rotation
rate gbout the longitudinal axis.

2. Clasasical six-degree-of-freedom equationa of motion would be used
with force and moment terms from assumed or empirical force ex-
pressions.

3. Force expressions would be selected by join: agreement between
the contractor and the project engineer.

4. Results vere to be projectile position-time tabulation using
Cartesian coordinates for center of mass position and Euler angles

for body rotations.

For the derivation a set of bodv ftxed axes x, y, £ with unit vectors
i, j, k and an inertisl frame x', y', z', with unit vectors i', j', k'
fixed in the soil, were selected and are shown schematically in Figure 59,

The generalizad six-degree~of-freedom equationa of motion for a
rigid nonsymmetrical body written relative to the body axes are given as

(Reference 27):

F, = m(U+Qu-RV) (33)
P, = m (V+RU~PW) (34)
F, = m(W+PV-QU) (35)
L= tnﬁﬂxy(Pa-d)-x“(ﬁ+pq)+nq(1u-1”)+1yz(nz-qz) (36)
M - -Ixy(ﬁmq)nyyéuyz(Pq-l'z)mr(xn-x")u"(Pz-nz) $Y))
N - Iu(QR-l;)-Iy:(éﬁ'!’k)ﬂuliﬂxy(qzol’z)+QP(I”-I“) (38)
vhere:

’x' 'y' P. Applied forces in x, y, t directicns reaspectively.
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L,M,N Applied torques or moments about x,y,z axes respectively.

u.v,w Proje.tile or body translational velocities relative to
x, ¥y, Z exes reapectively.

P,Q.R Projectile or body rotational velocities about x, y, 2

axes respectively.

n Projectila mass.

I_,I_, Conventional moments of inertia and products of lnertia for

xx
Iz:'I!Y‘

Le'lys

body axesa x, y, 2

Tha dot above any tem represents the time derivative or time rate

of change of that term.
For a symmetrical body the products of ineriia are zero and Iyy'lzz’

and Equations (33)

through (38) reduce to

P =m0+ Q¥ - RV) (39)

r - m(V + RU - PW) (40)

F, = m(W+ PV - QU (41)

L=1_ b (42)

M- z”& R, -1 ) (43) ,‘
NI R-Qe(r, =T ) (44) .;

6.2 PORCE EXPRESSIONS

Tha force exerted on the projectile by the soil was sssumed to be éf

the form

315

where:

H

A » B"
A » B’, c »
A, B:. Cc
’ “’o L)

-«

fi

n ow <

. 2 s

=
xA, + B lul 4 c U

2

+ + B8 |v] + .
n (A B vl + € vH] 45) :
+o (A + n‘|w| +H WOk ‘
are the force coefficients to be deteruined from

tasts performed for a certain projectile shape
and a given soil,

are components of outward unit vector normsl to
surface of projectile.
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The forces F,, F , and F, may then be determined by thne projected
vetted sreas normal tg the veiocitieo U, V, W respectively. A force 1s
assured to exist only when the wetted surface has an cutward velocity
component norwal to the projected area. Tails type of force distribution
applicable ouly .o axisymmetric bodies, assuves a uniformly distributed
pressure ove the projected wetted area, glving rise to a resultant force
passing : arough the geomeiric center of the projected wetted area. When
the 8- weetrlc center of the projectad wetted area coincides with the cen-
ter ~f the masa of the projectile tnen ro applied woment L, M, N, exists
vy the prejectile. Tf the projectiles is hollow or if the geometric center
vf the proje.ted area and the center of mass do not coincide then an applied
someut exists and is equal to the applied force timeo tha distance bdetween
the geometric center of the projected wetted area and the cantar of mass.
For u body of revolution ccupletely sgubmerged 42 the wediunw the force
distribution due to a lateral translational velocity V is shown in

Figurs 60 for the case of zero moment. In & cas¢ where the geometric
center of the area and the center of mass do not coincide the force
distribution is shown in Figure 61. The projected area used to deter-
nine the force P, for a completely submerged axisyumetric projectile is
the same as for Fz. The projected area for Fy for the completely sub-
marged projectile 1s cimply the croas section of the projectile normal

to the x axis.

If the projectile is only partially submerged then only a portion of
the totul projected area is in contact with the soil mediuw and a result-
ant force ans morsnt will exist as shown in Figure 62. These moments and
forces are changiug with depth of penetration and become functions of
depth. For this case the forces and moments are not simple expressions
due to the complicated expressions required to calculatce the areas. The
derivation of the forces and moments required for partial penetration of
a conical nose are given in Appendix B. These equations are not included
in the main body of the report as time did not permit complete computer
modeling of these equations end therefore are simply included as inforra-

tion.
6.3 COORDINATE TRANSFORMATIONS

Translational and angular positions relative to an inertial frame
fixed in the soil may be expreased in terma of angular and translational
velocities of the body fixed axes by use of coordinate transformations
relating the two systems. The coordinate rotations required for these

transformations are given in Reference 28 as:

1. Start with body axis x, aligned with inertial axis x' and
rotate about body axis z, through an azimuthal angle Y.
This produces a new set of body axes xz. Yz. Zz.

2. Rotace about Y_through a piich angle 6. This produces a new
set ot body axés XJ. Y3. 23.

3. Finally, rotats about X, through a roll angle ¢, which brings
the body into ita final“becdy axis sya.em X, Y, Z. (This rota-
tion 18 not important for a body possessing coumplete symmetry

about the X axis.
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Figure 59. Schematic of Body and Inertial Axes.
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The transforwation equation based on these angles is given as
A A (46)

A, =T

I BI "B’

given in the body system to

which transforms an arbitrary vector A
e transformation matrix TBI

a vactor A} in the inertial systen,
1a glvern a

cY¥ed {c¥s0s¢ ~ s¥c¢) (cYsOcotaise)
Ty = s¥co (s¥86ad + c¥co)  (s¥sBc~c¥sd) 47)
-8€ cOs¢ cScd

where: ¢O = cos 0,89 = ain 6, etc.
For orthogonal transformation such as this the inverse of TBI 1s equal
to the tranapose of TBI;therefore the inverse relation of Equation (46)

is simply
- T—
Ag = [Tyl A, (48)
By using Equation (46) the velocity vectors U, V, W may be trans-
formed to give the velocities x', y', z', in the inertial system. These
velocities,

X' u
y' = [Tg,] v (49)
z' w

may be integrated to determine the position x', y', ' of the center of
mass in the inertial frame.

The angular velocities i,é,& are related to the angular velocities
P, Q, R through a transformation matrix ROT defined by

P ¢
Q = [ROT] ({6 (50)
R ¥
wnera:
1 0 -8ind
{ROT] = 0 cos$ sinécosd (51)
0 -8in¢ cosécosd

Due to the non-or
tion is not [ROT]". It is given by
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[ROT]-I - 1 singtan® cos¢tand
0 cos¢ ~ging (52)
0 sindgecd cosdsect
and C
o{ P
of = [ror] " Jo (53)
;, R .

Equations (33) chrough (38),(49) and (53) represent the necessary equa-
tions. When solved simultaneously with the proper initial cornditions
they will yield the position and orientation of the body as functions

of time in the inertial frame.

6.4 CALCULATIONS

The solution of Equations (33) through (38), (49) and (53) may
be obtained numerically provided expressicns for the forces and moments
are available. In the general case where impact is not normal the ex-
pressions are rather complicated and require consideratle computer
technique and programming ability. However, a completely submerged pro=-
joctile could be handled very easily for the force distribution &s given
by Equation (45). Also if the assumpticn is made that ouly the nose of
the projectile 48 in contact with th2 s0il and submersion of the nose is
instantaneous, a normal impact can be handled very easily.

The case of complete submersion was programmed using a MIMIC source
language program. This program, available on the CDC 6600 in the Mathema-
tical Laboratory at Egiin AFB, is esserncially a fourth order Runge-Kutta
numerical method for solving simultanecus differentlal equations. A
program shkown as Computer Program I of Apnendix C was developed for solu-
tion of Equations (33) through (38), (49) and (53), for a bilunt nosed
cylinder, a conical nosed cylinder and a hemispherical nosed cylinder.
For this case the force coefficients A.x through Cz are agssumed to be con-

stents.,

The MIMIC program allows for naming constants or variable para-
meters and for Program I, Appendix C, all the initial conditione, :oil
force coefficients, and geometric properties were given a paramete:
status., Only integration time and print frequency were nawed const.nts.
A check ca this program was accomplished using the data for the blunt
nosed cylinder listed in Figure 63, The assumption in this case is that,
for normal penetration, nose submersion is instantaneous and only the

nose 18 in contact with the socil,

For this case only the forces parallel to the x axis of the
projectile are operative; therefore all other coefficients are set to
zero. It is important to note here that the coefficients used for
this case were obtained from test date of Reference 14, The results
cf this case are shown in Figures 64 and 65. Both plots show very
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el I _.....;..91152___--_-_....__-_......P- 1-10
. 8.05 ,
GEOMETRIC VALUES AND INITIAL CONDITIONS
mass * 80 gm Iyy = Iz:
I, = 20.42 gu-ca’ Ly " Ly = Iyp = O
I, = 1000 gu-cm? VmW =P =Q =R ®0
Uo « 6,74 x lobcm/sec ?; - 2; «0
V=4, =0 =0 X! =Y =2l =0

FORCE COEFFICIENTS
Velocity Range 6.74x10% <U<1,x 10%cm/sec
Ax - Bx - 0 Cx « 1,51
Ay - By - C! - Az - Bz - Cz =0
Velocity Range 1. x 10% < U < 0 cm/sec

- 6 - -
Ax 2.95 x 10 Bx 0 Cy 2.12
A =B =C »A =B =aC =0
y y y z 2 z
Data taken from Reference 14 and all dimensions in cgs units.

Figure 63. Data for Normal Penetration of Blunt Nosed Cylinder
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Figure 6§5. Model Verification Using Data of Reference 14,Projectile
Velocity versus Depth of Penetration
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good agreement between model and experimental va‘ues. Both fig-

ures shou a comparison betrween using a constant value vf C_ for the
whole velocity range and using values for A_ and C_ for velocities
below the critical velocity of 100 m/sec. fne oveFall effect of using

-a value for A_ is to reduce the depth of penetration st the lower veluvc-

ities anc briﬁg the projectile to rest at some finite time. The
significant difference of the two casee is ghown in the reduction of
depth of penctcation of Figure 64,

Further verification of the analytical mcdel was obtained by
use of experimental data of the Eglin experiments. As discussed in
Section II velocity measurements of 3olid blunt nosed cylinders were
made using an X-ray technique. The reduction in velocity during the
trajectory was assumed tn be attributed to A drag term based on the
expression

1 ey 2
F = 3 Cprghx") (54)

where C. is defined as the drag coefficient in the x' direction, o

is the Undisturbed soil density &nd A 1is the cross sectional area 3t
the projectile. By using this assumption and analyzing the data as
in paragraph 4.6, it was found that CD had a variation with velocity
as given in Table 11, Also, if x'and x are assumed to be collinear,
then %' and U are equal.

TABLE 11. VARIATION OF Cj WITH VELOCITY x'.

DRY SAND

x' m/sec
0 4.0
12,7 3.0
25.4 2,2
76.2 2.0
152.4 1.9
228.6 1.25
304.8 1.25
2540.0 1.7

The data of Table 11 fit a power law of the form

b
C, ~ av ‘ (55)
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Figure 66. Data for Sample Run of Computer Program 11
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wheve a = 5.12 and b = ~0,}1 when U is expressed in cu/sec. if equation
(54) 1is compared to Equation (45) thea the relation between C and CD is
given as x

3
Cx " 7 P8 (56)
The density of the soil p used in the experimsnt was 1.6 gm/cm3; there-
f re ¢, = 0.8C,. a

Modifying the Computer Program I to include Equations (54)to (56)
results in the Computer Program LI given in Appeadix C. The data used
as input for this case zre given in Figure 66,

The results of these runs are given in the graphs of Figures 67
and 68, Figure §7 shows the variaction of depth of penetration with
variations in impact or initial velocity. Figure 68 showa correlation
of model prediction with experimentally determined data.

6.5 CONILUSIONS

The results of the preceding paragraph show that a simple basic
terradynamic approach usiig experimentally determined force coetficients
will yield reasonable results. However, it must be emphasized that
this method is highly dependent on good data obtained by experiment.

The lack of force coeffirients for angle of attack and other than normal
impact preventa model verification for a general case.
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SECTION VIl
SONIC AID UILTRASONIC WAVE SPEED MEASUREMENTS

7.1 INTRODUCTORY REMARKS

The preceding sections have dealt with the testing and perfurmance

characteriatics of terradynamic vehicles, including trajectory, cavity

shape, separation, reattachment and stability. Predictive techniques which

allow for a quantitative zsscssment of earth penetrating vehicle per-

formance require information on certait purameters. Important among these

parasaters as inputs .intc terradynamic models are the deneity and the i
acoustic impedance of the target medium (Reference 29). The acoustic 1
impedance, which is related to the wave velozity in the material, has

particular importance in delineating regimes of applicarion of penetratiun d
equations as well os in perhaps predicting bow wave speeds cbserved in the

X-ray studies.

One technique which has been explored in the current test pr.gram
for obtaining information on the above parameters is ultrasonic wave speed
measursxent. The use cof ultrasound ss a diagnostic and measurement tool
24 vell documented. Ponlman (Reference 30), for example, has catalogued f
ultrasonic research topics in a series of volumes with freguent updating of
the literature. Specific descriptions of ultrasonics in diagnostic appli-
cations have also been discssed in such references as (References 31,32),
while techniques for measu:'ement of meclianical parameters are contained in

References 33 through 35. ifany mechanical properties messurements by
ultrascund have been directed toward obtairing information on the elastic
properties of either solid, liquid, cr gaseous media using the pulse-echo
or through-transuission techniques, as described for example by WeSkimin
(Refarance 36), Papadakis (Reference 37) and othere (Referances 33 through
35). Some recent properties measurements on solid heterogeneous media such
as fibrous composite materiezls and rock media have been rzported on in

References 40 through 42. These media, while dispersive in nature, remain
smensble to ctonventional ultrasonic testing procedures because of tha
retention of specimen shape during machining. For granular or solid medias,
in which three distinct phases are present (solid, liquid and gas), and
for which confined samples are not readily produced, measurement of mechanical
properties becomes more involvad. Some data collection related tov soil
medis has been reported in References 43 through 46. Because of the phase
inhomogeneity, properties measurements for soil types such as dry or
saturated sands are difficult tasks. For exzmple, dilatational wave speeds
through dry sands by sonic radiation provide riasvnable properties data,
while siniler measurements through saturated sand have proved unsatisfactory

(Referencs 43).

The filled pores allow rapid propagation of dilatational waves, so
that seasurements of the waves trsnsmitted by the skeletal phase generally
vequire the measurement of shear waves instead. These waves appear to
reflect a better standard aeasurement of the skeletal stiffness and are
frequently used in testing esoils properties at ultrasonic frequencies. For
this reason many of the tests repourted in the literature report data on the
provagation of shear waves (Reference 44).
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In obtaining such data it is important to note that considersble
disparity in the reported magnitude of acoustic waves in soils appears in
the literature. This discrepancy is partially duve to the measuring
technique used, type o pulse disturbence used for generating the trans-
mitted signal, and amplictude of resulting disturbances. In any eveat it
is important to note that current apalytical models appear inadequate to
predict wave velocitie. and it is necessary to obtain quantitative measures
of *he wave velocities in reaX soils by experinental procedures {Reference 44).

Ir; the stu.llce= rcported in this section, wave speeds in dry or moist
Eglin sand (5 to 15 percent moisture by weight) have been investigated with
three purposes in mind: (1) to obtain input for existing penetra-icn codes
requiring this information or for delineating ‘ounds on the usefulness of
terradynamic equations (Reference 29), {2) for pote - ‘el relationship to
observed bow shock wave speeds (Reference 21), and .  for possible use as
2 tcol for establishing the compaction state of sand.

The major part of the investigation has been concerned with ultra-
sonic vave speed measurements as a function of compaction and testing pressure.
Several difficulties were encountered with the testing program, and it still
has had only limited success. The difficulties were associated with the
dispersive nature of the sand medium, ezpecially at high frequencies and low
testing pressurees. The ultrasonic wave speed measurement techniques and

results will be described in paragraph 7.2.

A brief discussion will be given in paragrash 7.) of some low frequency
field measurements of sound wave speede.

7.2 EXPERIMENTAL PROCEDURES AND RESULTS FOR ULTRASONIC WAVE SPEEDS

A Panametrics Ultrasonic Intervalometer system was available at the
University that could be used either in a pulse-echo-overlap method with
the same transducer used both for sending and for recsiving the reflected
signal or in a through~transmission method with separate mending and
receiving transducers. Because of the dispersive unature of the medium,
effort was concentrated on the through-transmission method. The Panameterics
system can be used alone with broad band single pulses, or in conjunction
with a pulsed radio-irequency (RF) oscitlator it can be used with a burst

of RF oscillatfions.

The first testing of sand samples used the single broad band pulae
from the Ultrasonic Pulsing Module of Panametrics system as input aignal to
a Panametrics Type V201 5 MHz longitudinal transducer. The sand was firsc
compacted under conditions ~f uniaxial strain in a eteel cylinder 0.05 meter
in diameter under axial pressure of 4.4 to 22 MPa. After unloading, end
plates each containing one of the transducers were mounted on the cylinder
and the broad band pulse applied to one end. The broad band pulse contains
all frequency components, but the received signal resembled a distorted cine
wave with the first few oscillarions at a frequency 0.02 times the 5 MHz
transducer resonant fiequency. An example is shown in Figure 69.
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(Sweep Speed 20 us/cm, vertical 50 mv/cm)

Figure 69. Received Pulse from Broadband Input Pulse

A portion of the input broadband pulse is seen at the beginning of
the oscilloscope trace, driving the signal off scre2en. The received pulse
is amplified and mixed with the broadband pulse internally in the Pana-
metrics unit and then displayed on an oscilloscope. Precise timing can be
accomplished in a manner similar to that for the RF bursts as will be
described later in this section. More details on the operation of the
Panametrics system are given in Reference 45.

The pulse displayed in Figure 69 was transmitted through a sand
sample 0.0094 meter thick while under an axial pressure of about 0.2 MPa
after compaction by an axial pressure of 4.4 MPa in the steel cylinder. The
attenuation of the pulse by the sand was so great that this equipment and
procedvre could nut te used with samples much thicker than 0.05 meter,

Also the signal became erratic when the applied axial pressure during the
wave speed measurement was about 0.1 MPa(approximately 15 psi) and dis-
appeared altogether at some lower pressure., But the most disappointing
feature of the results was that the measured wave speed appeared to depend
on the thickness of the sample. This is a result of the change in shape of
the pulse as it propagates through the dispersive medium. What was measured
in these tests was the speed of propagation of the leading edge of the
received pulse, which would be the group velocity of the transmitted wave
packet of oscillations if the transmitted packet did not change its shape

80 much.
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Figure 70 shows the leading-edge wave speed for a 0.0l-meter-thick
dry sand sample versus axial testing pressure varying from about 0.05 MPa to
about 0.30 MPa for specimens previously compacted at three different axjal
pressures. Figure 71 shows the same kind of plot for a 0.023-meter-thick
dry sand sample. Figure 72 is a photograph of the steel cylinder in place
in a fixture mounted in a Tinius Olsen universal testing machine to provide
the axial force during testing. The two transducer leads can be seen
coning out of the fixutre. In this setup the transdusers {not visible) are
innide the end plates in direct contact with the sand.

Figure 72. Fixture for Ultrasonic Wsve Speed Measurements in Sand
Contained in Cylinder Under Axial Load

Some additfonal tests of this type were performed on samplee with
moistuce contents of 5, 10, and 15 percent by weight. AtC the highest
forming pressure the 15 percent szmple was saturated. The other samples
were not saturated. The results indicated that increasing the moisture
content increases the attenuation and decreases the wave speed, but the
leading-edge speed results were agzin imprecise because of the changing
gshape of the transmitzed pulre.

It was proposed then to obtain an RF pulser, since it was believed
that the RF bursts, contairing a single dominant RF frequency could be used
to measure group velocity of the RF burst in a manner chat would not appear i
to depend upon specimen thickness. It was also proposed to use the new |
equipment to study the effec: of variovus amounts of air and water in the
thiree-phase sand medivm. In particular it was proposed to compere results
with the predictions of an equation derived by Liahov (Reference 46) and
discussed by Cristescu (Reference 47).
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An Arenberg Ultrasonic Laboratory oscillatcer, Model II (PG-65-2-C)
with 400 watts peak power was obtained. It was furnished with three coils
for the RF frequency ranges of 4.3 to 7.5 MHz, 0.81 to 1.1 MHz, and 0.45

o
j

X to 0.62 MH2. Additional coils can extend the range to operate anywhere in
| the 0.13 to 190 MHz frequency raage with some loss of power at the lower ‘//
; frequencies.

‘ Figure 73 shows a block diagram of the Arenberg oscillator (RF pulser)

; connections with the Panametrics unit. The single pulse from the Pulsing
Module of the Panametrics unit triggers the Arenberg RF Pulger which then

emits an RF frequency burast of variable length (e.g. 5 to 20 cycles at 0.5 MHz).
This fuput pulse travels to the sending transducer which sends a mechanical
stress wvave burst through the sample te the receiver and preamplifier and

then to the oscilloscope (CRO). The input pulse is also attenuated and fed

{ directly to the CRO y-input terminal for comparigon with the received signal.

If the transmitted signal has the same wave form as the input signal,
x very precise timing can be cobtained as follows. After the attenuated input
. signal and amplified output signal have been displayed on the oscilloscope .
(CRO) using the internal sweep of the CRO, the final precise measurement is '
made by switching to a sweep provided by the variable-frequency CW oscillator
of the Panametrics system. The sweep frequency is adjusted so that the trans-
mitted and received signals are made to overlap. The time interval between
the two signals is then measured by the frequency counter of the Panametvics

system,

In actuality the transmitted wave pulse is modulated by the trans-
ducers and the transmission through the sand, so that the output resembles
the received signal from the broadband 1input (see Figure 69) more than it i
resembles the input RF signal, which has sn essentially square envelope.
But the oscillations within the pulse are at the frequency of the RF, and
the overlapping technique can still be applied, except at low testing
pressures where there is excessive distortion. For best results the RF '
burst should contain at least 20 cycles and the overlapping should be made
to coinclde at the middle of the burst, since there is some distortion at
the beginning and at the end of the burst. Because the great attenuation
made it necessary to use a very short specimen path, it was not possible to
use such a long pulse, and usually the overlapping was performed on the
: second or third peak in the burst. This use of the RF technique did succeed
- in removing the apparent dependence of the measured wave speed on the

thickness of the sample when the test was performed at axial pressures

above about 0.5 MPa. Differences in wave gpeed between the different speci-

meng was within J percent which is corsidered very close agreement for

different sand samples. The sand specimen holder was redesigned so. that

the transducers were not in direct contact with the sand but transmitted the
| signal through the steel end plates without themselves being subjected to
! the static axial loads. They could thus be left in place during the axial
loading to compact the sand and could measure wave speed at various times
during the loading and unloading.

Figure 74 shows a stress-strain curve for a uniaxial strain test

R carvied out in the steel cylinder. At the points marked on the curve,
o wave speed measurements were performed, with the results shown in Table 12.
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For use with broad band pulse, the T/R terminal is connected directly to the
sending transducer, and the receiving transducer is connected to the R terminal

on the Panametrics unit for internal amplification and mixing with the input pulse.

Figure 73. Block Diagram of Interconnections Between Arenberg Oscillator
(RF Pulser) and Panametrics Unit
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TABLE 12. WAVE SPEEDS DURING UNIAXIAL STRAIN TEST J

Point Stress Density Ratic Wave Speed
; (MPa) D/Do (®/sec)
3 Loading
; 1 3.08 1.065 910 !
i 2 6.14 1.081 1195 : ]
4 3 9.22 1.097 , 1280 |
E 4 10.98 1.106 1340
L] 13.17 1.114 1390 ]
‘ 6 16.48 1.128 1470
7 22.17 1.152 1600
Unloading
t 8 13.61 1.150 1420
‘ 9 8.78 1.145 1280
10 6.14 1.142 _ 1165 1
11 4.39 1.140 1070
12 2.19 1.136 960 ;

These wave speeds are group velocities of the RF burets. They show
a very strong dependence on the testing preszsure. It .s remarkable how
litctle difference was measured between the velocities duringz unloeding and
thoge during loading, despitc the different compaction statec and the
different slopes of the loading and unloading curves. It seeamsx clear that
vltrasonic wave speed measurement will not be a good tool for detemining 4

the compaction condition. | {

For the last serics of tests the 5 MHz transducer was replacad by
i a 1 Miz Panametrics Type V103 transducer, and testing was again performed
g with bursts of 0.5 MHz. By operating nearer the transducer resonance and o
by using the larger 1 MHz transducers with 4 times as much frontal arca a |
greater power conld be transmitted. It was hoped that this would permit
testing at much lower axial pressures more like the ambient pressures in
the penetration experiments. A signal was in fact received st pressures
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well below the previcus minimum testing pressure of 0.5 MPa, but the trans-
mitted signals were so badly distorted that the pulee overlap technique
¢ould not be used. The oscillations in the transmitted pulse appeared to
be at a8 frequency about 20 percent below the RF frequeacy of the input
signal. The reason for this is not clear, but it is believed to be

relatea to the fact that at these low pressures the phase velocity is so
luow that the wave length approaches the order of magnitude of the sand
perticle size. Thus the medium no longer responds as a continuum. Because
of thu distortion, only leading-edge wave sgpeeds could be measured at the
low pressures and these with the same kind of errors and apparent dependence
of the wave speed on specimen thickness as were previously observed with
the broadband pulses.at all testing pressures.

At. higher testing pressures, however, good clean RF bursts were
transmitted by the 1 MHz transducers operating at 0.5 MHz, and the group
velrcities could be measured quite accurately by the overlap technlque.

The last series of tests examined the variation of the group
velocity with testing pressure for peirs of dry sand specimens all of about
0.025 meter thickness with different initial densities. The two different
initial compaction states at the same pressure were achieved by shaking
one of the two specimens (by tapping the side of the steel container with
a hammer) to compact the snd instead of by initially compressing it under
axial load. Results for three such pairs of specimens, tested by loading
to three different maximum values of axial pressure are shown in Figures
75 to 77. Each figure thus gives one curve for an initially loose sand
(solid curve) and one for an initially dense sand tegted over the same
range of pressures. The so~called dense sand had an initfal density &4 to
7 percent greater than that for the init{ally loose sand. The additional
density increase during the test varied fiom about 1 percent for the dense
sand in Figure 75 to about 5 percent for the loose sand tested to a higher
pressure in Figure 77. The arrows on each curve indicate the direction of
loading or unloading. Although the loading and unloading curves are not
identical, the wave speeds at any testing pressure do not vary a great
deal from the loading curve to the unloading curve. The extreme values
from the three curves are listed in Table 13. The last-point densities vpon
unloading were not recorded, but they ave approximately equal to the
maximum dengities.

Evidently the wave speeds are much more dependent on testing pressure
than on the compaction state, so that wave speed measurements are not a .
good measure of compaction state.

Because of the difficulties encountered in the program, time did not
permit further testing of wave speeds and attenuation ac a function of
moisture content. The Liahov equation (References 46,47) predicts significant
differences in sound wave speeds in almost saturatzd sands for very small
changes in the air content. Variations in the air volume fraction from
0.005 to 0.04 would change the wave speed by a factor of a third. It wzs
not possilLle to attempt any verification of thic theoretical prediction in
tiie present program because of the difficulty in contrclling the air content
as well as the difficulty in measuring ultrasonic velocities at low
pressures in sand.
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TABLE 13. [IXTREME VALUES OF PRESSURE AND WAVE SPEED IN FIGURES 75 to 77
Density Pressure Wave Speed
(kg/m3) (MPa) (w/sec)
Figure 75
Loose Sand First Point 1638 1.0 875
Test 7 Maximum 1666 3.5 1140
Last Point 0.5 790
Dense Sand First Point 1726 1.0 960
Test 2 Maximum 1742 3.5 1170
Last Point 0.5 875
l?;lgut; 76
Loose Sand First Point 1573 1.0 735
Test 9 Maximum 1636 7.0 1230
Last Point 0.5 810
Dense Sand First Point‘ 1677 1.0 890
Test 6 Maximum 1723 7.0 1370
Last Point 0.5 810
Figure 77
Loose Sand First Point 1585 0.5 710
Test 8 Maximum 1653 10.5 1335
Last Point 0.5 670
Dense Send First Point 1644 0.5 835
Tesat 5 Maximum 1723 10.5 1500
Last Point 0.5 810
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The difficulty at the lowar prossures is now believed to be caused
by the fact that the lower wave epeeds at the leower confining pressures
lead to wave lengths of the ocrder of magnitude of particle size. At low
pressures, wave specds of the order of 250 m/sec have been reported
{Reference 14) although not at ultrasonic fréquencies. The relationship
between phase velccity ¢, frequency f, and wave length A 15 (Reference 48)

c = A (57)

At f = 1 Miz, and ¢ = 1000 m/gec (the order of magnitude of the gruup velo-
cities oboerved in the present program under high presasureg) the wavn
length is 19~3 meters while the sand grain size is of the order of 10~%
to 2 x 10~% meters. If at low pressures a speed of ¢ = 250 m/sec ccould
be expected, this would give a wave length at 1 MHz of 2.5 x 104 meters,
about the same as the grain size. If the same spred 250 m/sec prevailed
at lower frequencies, it would give A = 5 x 10~4 pmeters at 0.5 MHz ond

A = 10~3 peters at 0.25 MiHz.

This suggests that the high frequencies are not suitable for use
in the sand. A brief digcuassion of some lower frequency testing is given
in paragraph 7.3. The discussion of Equation (57) applies to phase
velocities, while the measurements reported in this section have all been
group velocities. In a dispersive medium, tha phase velocity of a
dilatational plane wave is a function of wave length, say ¢ = ¢(A). A
wave packet, such as the RF bursts of the experiments described, contains
a spectrum of phase velccities with a dominant mean phase velocity, say
Co at wave length A\,. The packet containing wave lengths predominantly
near A, travels at a group velocity U, which 18 reiated to ¢, by the
following equation (Refereace 48)

u--.:-"-"-S (58)

If the mediun 8 nordispersive dc/dA = 0. Then U = ¢, and U 18 independent
of wave length and frequency. But if the medium is dispersive, dc/dX ¥ 0,

and the group velocity may differ markedly from the phase velocity. The
phase velocities for the sand are not known at these frequencies, so an:
evaluation of U by Equatior (78) 1is not feasible. It was obmerved in svme
preliminary tests that the group velocity of the RF was somewhat frequency

dependent, but time and available equipment did not permit a determination

of the frequency dependence over a wide frequency range.

The pulsed RF measurements can be used to determine phase velocity
by using a specimen of thickness equai to one wave lerngth (Reference 39),
but thix is not easy to do with the short wave lengths of the ultrasound.
The technique is similar to that used with continuous waves. Some pre-
lirinary cests with continiaous waves at lower frequencies are described in

paragraph 7.3.
7.3 SOUND WAVE PHASE VELOCITIES

In July 1976 some preliminary field tes%s of low-frequency sonic
phase velocities were performed at Eglin. The scurce for the sound waves
was a 50-pound dynamic force MB vibration~testing shaker and pu ~1 amplifier
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belonging to the University. A O.l-meter-dismeter aluminum plate was
fabricated at the University and mounted on a shaft attached to the shaker
armature and extending 0.15 mcter ouiside a wooder box containing the
shakcr. The box was partly buried in the ground.

The tryout of the equipment was conducted jointly with the Mines
Branch AFATL/DLJM, which provided geophones, recording equipment, and
spectrum analysis. The setup worked well, A good strong continuous wave
signal was obtained at a distance of 3.7 meters from the shaker, even
when the power amplifier driving the shaker was operating at very low
power. Higher power sometimes led to distortion of the sine-wave signal.
The technique involved recording the signal at two stations. Frequency -
was incrersed slowly until the two signals were in phase, indicating thac
the two stations were one wave length A apart. The dilatational phase
velocit: ¢ is then given by ¢ = fA,

The preliminary tests indicate some dependence of wave speed ca
frequency, varying from about 108 m/sec at 59 Hz to 170 to 180 m/sec
at around 100 Hz for two receiving stations 1.85 meters apart. The phase
velocit? at 100 Hz was compairable to the speed of 168 m/sec determined

from the leading edge wave speeds of pulses produced by hasmer blows. Higher

frequency tesis (up to about 19,000 Hz) were also recorded on magnetic
tape for later analysis by methods not regquiring the two signals to be in
phase. Further tests of this type should be performed. It seems to be
a good method for low-frequency sound-wave gpeed measurements, although
care must ve exercised in Jnterpreting the resules, which may be affected
by reflections from the free surface and/or from internal boundaries in
stratified media, especially when the two geophones are more ti.an one
wave length apart.
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SUMMARY AND CONCLUSIONS ‘

The results and conclusions of each phase of the inveastigation
have been reported in previous secticns. This final section summarizes ‘
them and indicates where more detail about them may be found. Section II
deacribed the Eglin experimental program and the various types oi sensors
used in it or evaluated for possible use. The sequential flash X-rey
' technique was judged to be the most successful method investigated, since

it not only gave more complete and precise information about the trajectory
and the projectile's position and attitude at various times than did any
other method but also gave information on cavity formation and separation
points and, in some cuses, showed a shock wave shead of the projectile,
This investigation is believed to be the mcst extensive use ever made of
flash radiography in terradynamic research. The magnetic sensoucs also
provided good information about horizontal velocity.

_——— e —

The results of the experiments were described in Section III and
interpreted in Section IV. The trajectory plots of paragraph 4.2 for the
priuary test program showed that the flat-nosed and step-~tier projectiles
had followed remarkably straight and stable horizontal paths through the
1.2-meters-long test chamber, although most of them exhibited a slight rise.
Because the paths were so nearly straight, analysis by one-diumensional
terradynamic models was feasible. A cubic interpolation formula gave a i
very accurate representation of the horizontal position-time data, and of
the velocity near the middle of the interval. A classical Poncelet force-
law penetration aodel, discussed in paragraph 4.3.2, gave an excellent
account of the otserved parts of the trajectories in dry sand, with a drag
: coefficient esgentially independent of the striking velocit 4n the range
! of velocities observed. In saturated sand, each shot could be fitted by i
the Poncelet modcl, but the drag coefficient appeared to 'depend on the .
striking velocity, which showed that the Poncelet model does not really

apply.
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Drag coefficient variation along the trajectory was exhibited in
paragraph 4.6. Although the velocity calculations of that sectiom, each
based on average velocity between only two stations, tend tu magnify an
error at one of the stations, they do show a trend of variation along the
path, more pronounced in the wet sand cases than iu the &ry. The clasaical
Poncelet force law gave more consiutent reszults than a modification of the
Sandia empirical method. In all of the analyses of Section IV, force law
coefiicients were determined to fit observed penetrvation data, anc the
success of a model was judged on the btasis o{ agrzemant between the co-
efficient values fitted to the different shots.

i et B ® s Wi e =

The cavity-expansion penetration model of Section V, on the other
: hand, attempts to predist the penetration behavior frow statically measured
! 801l properties. Despite the rather strong assumptions i{nvoived in this
simple analytical mcdel, it gave very good resuits 4n predicting the behavicr
for two flat-nosed projectiles in dry -and. It was neceusary to assume a
shape for the false nose of sand carried along by the flat-nosed projectile.

e I
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An assumed hemispherical nose or a conical ncse with iength-to-diameter
ratio of 0.4 to 0.5 led to very close agreexesnt between the predicted
and observed position-time an:.: velocity-position curves, even for shots
in a velocity range higher than the range for which previous investi~
gations had validated the method. The success of this model suggests
that it should be considered further, poseibly for obiique impacts.

A three~dimensional trajectory analysis based on an assumed
three~-dimensional differential force law wes presentec in Section VI.
The procedure was carried through for a case of a straight trajectory
with & drag coefficient varying with veloclty according o a power law,
| with reasonable results. It could be applied to a trajectory with an
angle of attack or an oblique impact if suitable force coefficients could k
ha determined or estimated. i

fection VII reported on an independent investigation of ultra-
sonic wave speeds as a function of sand compaction and testing pressure.’
Several difficuitics were encountered in the investigation. Pulse shape
changes made it impossible to estuablish single bivadband pulse propagstion
speeds that were independent of path length. Thig difficulty was overcome
by using RF bursts instead of single pulges. Group velocities measured '
for these bursts gave (with an RF frequency of 0.5 MHz) consistent results :
for ambient testing pressures greater than about (.5 MPa, but at lower
pressures the signals were too badly distorted to give consistent results.
: This is believed to bhe a resgult of the fact that the lower pressures lead
: to lower wave sp2eds and a wave length of the order of sand grain dimensions.
It is recommended that in further studies of sound wave speeds in sand
attention be concentrated on lower frequencies. The group velocities showed
a grester dependence cn the testing pressure than on the compaction state.
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APPENDIX A

!
i

DATA FROM EGLIN PENETRATION EXPERIMENTS

This appendix tabulates data from 74 ghoss of the Eglin experimantal -
program, using one page for each shot, and listed in order by Shot Kumbers.
Descriptions of the various kinds of entzries in the tables, both of experi-
mentally measured data and of severazl kinds of information calculated in the
data analysis, are given in paragraph 3. Further explanations of some of
the calculated data groups may be found in parsgraphes 3.3 and 4.4,

]
y
A SKHOT s ( 10 MARCH 1976¢ NO. 3 )
1
k SAND: URY: DENSITY 158538e KG/7ME33: APPROACHING VYELOCITY: 8420 M/S
PROJECTILES SOLIU FLAT NOSE MASS:JeS451 KGe D®0e02 Me L®Ce229 M i
K=RAY STATIUN ecocesveoce NOo1 NOe 2 NQe3 NOed NG.S '
TIME (SECOND) secsssese 000428 o001308 0003401 005621 «CO9161
CENTER OF GRAVITY ROSITION (M)
HURTZONTAL eevoecstcee ~(Co0al Geld U9 184518 18,820 ©e90C .
VEKTICAL essccoonncsoes 0el27 Oeldc 184232 18e232 Oel 67 1
INCLINATION ANGLE(UVEG). Ve le0 (1 X 17} (21 1 2 L TR ] )
SEP ARATIUN ANGLE(UEGREE ) o !
ABOVE eeeaceccecssnce [T X T ryry sBes 1111 L L1 3 , \
BELOW cecescvccesssse HESS seee sene esew cese I A}

NOSE @IDTH (M ON FILMle GeOZSU 000230 ssssss oseass  0.0230 '
NCSE POUSITION (M) .

HCK IZONTAL scecsccese Coliz Qo222 18335 10839 14013

VERTICAL ocecvevovecvee Dole? Oel IS 18.121 18221 VelS%
INPUT NOSE POSITIUN (M)

HCLRIZONTAL ecsovcscees Dol Oezel SEBeeR JCEERE 0993

VERTICAL eocvesessnec =DelUSL =uolld S6288s SEFKSE -Qe BN

VI S SR s g STy U % e
L.
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$HOT 15 € LU MARCHy 19700 NOe & ) }
BN TR SR L S MR L SR Y AT 0

K=RAY STATION cecevccee NOu1 NUe 2 NQe3 NOes NOeS

TIME (SECOND) vocescrse oUG0202 oCULIZ73 4003323 (005932 4009099
CENTER OF GRAVITY POMITION (M) ;

NCRIZONTAL eceoccccse ~Uv8Be Veu b8 Ve361 13820 (t9.12S
VERTICAL secconcsocenn 0ol vel2s UelI0 18e232 18e232

INSLINATION ANGLE(CKEG) W VQed 0.5 0.0 sens e saten 4
SEPARATION ANGLE(DLSREE ) )
ABOYE ceoasseecnesccsece SSé2 shew sses akee [T Y 1Y i
BELUW eeesoecassescse C8iE L Y L1 LT Y 1 SRy G e i

NOSE wiIOTH (M ON FiLM)s GeU285 (320220 00225 So5e38s 20698 .
NOSE POSITION (M) ‘
HORIZONTAL eosssnceces Le029 VelTl G el 74 18.836% 19.144 '
VERTICAL socroccencoe Qel20 (el25 el 186121 L18s121 |
INPUT NOSE PUSITIUN (M)
HORIZONTAL oececesvese 00027 v los Y Y.Y4 S EE  $&OFON
VERTICAL ee00s00000000 =0¢099% =0e093 <=0,080 ¢dsxsd sspnis |
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SAND: ORYe DENSITY: 15380 KG/ME3I; APPROACHING VELOCITYS «i2s N/S
PROJLETILE: SOLID FLAY NOSw MASSIVeS5451 KGe DO®0002 Ms L3Je225 M

K=RAY STATION ecoeecnved

TIME (SECONT ) eovensces
CENTER UF GRAVITY PCSITI
HURIZONTAL oeovssccace
VERYICAL eccocoasccnce

INCL INAT ION ANGLE(DEG)
SEPARATION ANGLELLEGREE )
ABOVE esvo0vvcecccenos
BELUY eencssocccveenss
NOSE wiDTHt (M ON FiLM)e
NOSE PUSITION (M3
HORLZUNTAL cscccccssne
VERTICAL sesvvsvvcsee
INPUT NOSE POSITIUN (M)
HCRILONTAL o000 0ccene
VERTICAL cevevsocscns

(o new

( Ll MARCHs 1976+ NOoe 2 )}

NG )

«QU01L70

ON (M)
-Le08Y
Ve J 20

2e¢0
L X X1
sovy
Ve0&SV

0e028
Gel2a

veG2%
-JeoU9S

NO. 2

«Q0Va%8

Leub7
0128
lev
S0
LI Y L]
C+023¢

Qel70
ve 130

Vel 8}
-JeUBT

NO.J3

2003034 #003300

0404
Jeld2

8.0
T«0
240
Qo0 240

04515
Oele2

0.512
~Q0+072

NOos

Je748
Je 182

7«0
(121}
(1.2 1

040290

0860
Qe l107

Q0866
=0es08Y

s -y e s e Be e s

allatic 5 auebamat, ot Sitamnd.

NO .S
e st

19.128
12,232

(11 1] ]

90 e
L2 Y Y
s elY

191644
18.121
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SHOT 17 ( 1) MARCHs 1970¢ NOe 2 3

SANC: DRYes DuNSLITY21538e KG/7MEs3] APPROACHING VELOCITY: 212¢ M/S
PROJECTILE S S0LID +LAT NOSE MASSIUB451 KGe 0O20euU2 My L206225 M

X=RAY STATION ecocecove NOa L NUe 2 M0 3 NQ.8 NOeS

TIME (SECOND!) sosecocves osUOUZLIT oUULIO? 4003540 00622¢ 009180
CENTER OF GRAVITY MOSITION (W)
HMCRIZONTAL e3eseceees =Le072 Oeld( Y ¥..1. 0816 14092
VERTICAL susveocorcnes UVelll Gel 28 WellS Qeldl Del62

INCLINATION ANGLE(DEG). Le5 23 L ¥y * 9.0 129
SEPARATION ANGLE(DEGKREER )
ABOVE s00e0ceceesvenc sass 40 Se0 L 7Y GeS
BELOVW scccvsccsceonces SOE¥F 295 leB 10 | P Y]

NOSE WIDTH (M ON FiliM)e Cel280 0Qo0230 Uel23C 040230 0, 0U%
NOSE PUSITIGN (M)
HORIZONTAL svevcecece QevA2 VelS52 0e599 Ge928 le
VERTICAL oeevsceveoses Uelld el d2 Gelad Qel bl Ce
INPUT MPOSE POSITION (M)
HLRIZONTAL evevecccvee Ve8] vel5B6 04609 Ue94§ le
VERTICAL oscccvoovsoncse =0eCU¥S <«=Je08S =0e072 ~06052 =D,

NOSE VELe Y=COMP, (M/S5): Te (-1 Te i2.
COEFFICIENTS OF CUBiIC puLVNQNlAL/STANDARD D&VIATIQN
Uasl22UE 00 Ue?7H8E 01 ~0.6030E U3 006267E 05 7/ 0,0013 (M)

NOSE VELe X~COMPe (M/5): 2C1 e 176 139, 106. 86
COEFFICIENTS OF CUBIC PULYNOMIAL/STANDARD DEVIATION
~0e4578E~03 Oe2054E 03 ~001416E 05 03377 05 /7 00063 (M)

NOSE VELe DIRECTION(LEG) 241 2¢ ) 2+ 3 3.8 Te8
SEPARATION ANGLE(DEGREE )¢ RELATIVE TU NOSE VELCCITY
ABOVE osesc00c0asscsere suge 3.8 3.3 3.8 4.8
BELOW Jsecee0cesecccnee LY 27 & ) Se2 Se?
CeGe VEL e Y=COMP, (M/S5)2 B S 3e LYY 10.

COEFFICIENTS OF CULIC POLYNOMIAL/STANDARD OEVIATION
OclIOSE 00 OQ8457E 01 =CelA20E 0% N11L1TE 05 7 00002 (M)

CeGa VELo X=COMPes (M/S): 200 178 139 106, 86,
COEFFICIENTS OF CUBIC PULYNUNIAL/STANDARD DEVIAY ION
=0ellIIE 00 Oe20BIE 93 ~041108E UD 06333IBE 00 7/ 000453 (M)

PONCELET DRAG COEFFe = Jo644
VO = 139 STANDe DEVIAe = 000087 (M}
CeGe VELe X~COMPe (M/5): 210 180« 139, 109, 29
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SHUT J8 € 31 MARCNHe 1976+ NOe 3 )

SANC: DRY, DENSITYS18538e KG/7Ms23; APPROACMING VELOCITY?
PROJECTILE: SOGLID FLAT NUSE mMASSIUe565) KGe Dx20eU2 Me L=0,225 ™

K=RAY STATION eeovccocee NGol NGe 2 NQe 3 MO«

TIME (SECOND) cocccvese oQIU2ZO ¢U013CH (003408 +G0S97C ,009161

CENTER OF GRAVITY PUSITEON (M)
HCRIZUNTAL e¢sevceocoe =307 Ve l36 Je 862 VeT78
VERTICAL eossccsceveee Wolly veldB 0033 Oel3

INCLINATION ANGLE(VEG)e  1e6 2eu  4e6 Teo
SFPARATIUN ANGLEI DEGRES )
ABOVE eececectvcccces WSEus S¢S S0 6e8

BELOW c¢ecvcvoveccesco 99 L YY) led 140
NUSE wiDTH (M ON FlLMle CeU29%5 (e0235 30230 C.0260
NQOSE PUSITION (M)

HOGR JZONTAL anceveesoee ValAU Vela® 0578 Ve8S0

VERTICAL eceececvsnsocne Nelld Oeld32 Del A2 OelS?
INPUT NOSE PUSITIUN (M)

HCRIZONTAL ecvcvccecee QoUS] Vo252 CeB81 2901

VERTICAL secveessevees =0e0%¥S5 =uelBS =0eGT73 -=0+054

NOSE VELe Y-=COMPe (M/S5)2 Te Te Se Se
COEFFICIENTS OF CUBIC POLYNUMIAL/STAND ARD D&VIATION

D e T L TR

213« M/S

NGeS

1085
Del%9

8.5

Q8

10
0.0255

L1877
0«173

1s186
=C+526

Te

Ve l21TE U0 (GaT7988E O] =Led320E U3 Ve2787E 0SS /7 040014 (M)

NUSE VEL e X=COMHe (M/S): 200+ 178. 140, 105,
COEFFICIENTS OF CUBIC POLYNOMIAL/STANOARD DEVIATION

780

=Us JOOLE~02 (Qeki%IE 03 =GellleE 05 Ve3I059E 06 7 0400448 (M)

NOSE VEL e OIRECTIUNC(DEG) &0l 2¢ 1 =) -

SEPARATION ANGLE(DEGREELE )9y RELATIVE TO NOSE VELOCITY
ABOVE osc0co0vesccncnsse [T T 1] Se 6 267 20
BELOW esseecvecncscces LT ) 3e 9 Je?7 S¢S

Ele V=COMF.s (M/S5): Te Se x Je

448

Se8
407

87€ 00U Ue0934L 01 ~092850E 03 (UT7028E 05 7 00019 (M)

CoGe V
COEFFICIENTS OF CuBIC POLYNOMIAL/STANDARD DEVIATION
Jell

CoeGe VEL« X=COMPe (M/S): 200 178 140, 108.
COEFFICIENTS OF (UBIC POLYNOMIAL/STANDARD DEVIATION

78 ¢

~Vel163E U0 0o29SCE 03 ~0631107E 05 Ge3011E Q6 /7 040045 (M)

PONCELET ORAG COEFFe = 1,624
VO & 200e¢ STANDe DEVIAe = 040129 (M)
CoGe VEL o X=COMPs (M/S): 290 173, 137 109,
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SHAT 19
SANOD:
PROJECTILE: SOLIL
X=RAY STATION
TIME LSECUNMD)

( 21 MARGH,

NOe d

2 b0U202 ewVl273 4003323 003932 40609099

CENTER OF GRAVITY POSITIOUN (M)

HURIJONTAL osscevences
VERTICAL evevocsncene

INCLINAT ION ANGLEC(LEG).
SEPARATION
ABOVE oeveesesevescone
BELUW ececeesceccscnne
NOSE wiDTH (M TN FloM),e
NQSE FOSITICON (M)
HORIZONTAL oocvvecose
VERTICAL ecoencecosene
ENPUT NOSE POSITION (M)
HCRLZONTAL eecooescee
VERTICAL evoccoscvsnee

NOSE ViLe Y-=COMF,

ANGLE (UE GREE )

(M/5)2

-Le0 68
TP

dey

Qs

NQOe ¢

Gelal
vel2b

Je3J

Se¢0

2093
0e0G229

Vo256
Helld

ve 257
. =0084

1976

NOe

4 )

o Emee s W

ORY, DENSITYI1538¢ KG/Me83 ] APPRUACHING VELOCLITY: 215e¢ M/S
FLAT NOSE MAS53Ue54539 KGe D=0eC2 Mo

LuGae245

NG 3 NQeo NQoS
Vvedba Ve783 1e0Q72
JelJlo VelSI1 0+183
Te0 1240 1668
[-7%-) 110 11eC
Le0 Q5 0eS
VelUR29 00220 Vo225
QeBT? 089 le180
elS0 el 74 0215
CeS02 0899 1188
~0e(OS =00039 0s008
10 16,

CUEFFIQIENYS OF CUBIC PULYNOMIAL/STANDARD DEVIATIUN
=0+IJUV0E LI VeDIGAE 05 7/ 0.0008 (M)

O el232E 0O
NOSE VELe X=COMP.

0+68648g (1
(M/75) 3

205

18ue

14Ce

104,

COEFFICIENTS OF CUOLIC POL/NUMIAL/STANDARD DEVIATION

0 +4456E~02

NOSE VELe DIRECTIUNCDEG)
SEPARATION ANGLE(CEGREE )y

AGBAOVE eceesesvsocsnsn
BELOW csccosvvcocarece

CeGo VELe VY=COMp,

{M/S) 2

Cekv97& 09 ~0elza9E NS

VedPBHE 06 /7 00030

206 Je 5.7
RELATIVE TU NOSE VELOCITY

LY ) 4o Jd Ze 9 %07
Jeb e 2 LYY ) .YY ]

(- 1Y

Se Se 7
COEFFICIENTS OF (UBIC PULYNUMIAL/STANDARD DEVIATINN
=Va7980E 03 V8Se7E 03 / 040007 (M)

Vell97€ 00
CeGe VEL o X=CUMP,
-0 «+1084E 0C

GebO4BE 01

{M/S) 2 18GC.
COEFFICIENTS OPF CublcC PDLYNOHIALISTANDARD OEVIAT (UN

Qexuvwot 03 vedOIVUE 36 7/ G.0029 (M)

2LS.

=VelaJOGE 03

PONCELET ORAG CUEFF. = 1,094

VO = 205« STANL
CeGe YEL o X=COMFe

205,

CEviAae. = 0.0098 (M)
(M%) ¢

176,

138

140o

138.

104,

109,

82.
(M
1150
593
60

14,

87 .
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( 3L MARCH, |

97606,

HOe & )

APFROACHING VYELOCITYVZ

340. M/S

SANC: CRYe DENSITY21338e KG/MNE$]
PROJECTILE: SOLLIL FLAT MUSE MASSIL 34851 KGe DrLeuz2 Me LH0eR22S M
K= AY STATILUM ecoencerasn NOe ) 11Qe 2 NO.3 NO«sS NO.%
TIME (SECCND) ecveconcee «UVLIIU 2uHLB832 (002143 40037958 40G3OGTY
CENTER OF GRAVITY FOSITIUN (M) .

MURILONTAL osre0c0cocece ~UaBL Oel2a Qesdqg 0753 1.0564

VERTICAL oscvevuveresnces wveldd el vel3s Celne GrLa08
INCLINATION ANGLE(LEG) . Gev Ve ® Qe “le? -2e3
SEPARATIOMN ANGLE UL GREE Y

ABUVG veseocencencesne L2 2 ] ©e0 Qe 29 245

BELOW secrscesvsncenese LOUES Tet Se7 7e0 6.8
NOSE WIODTH (M ON FalMle Colccdl 04,0202 ve0229 060225 Wvel220
NOSE POSITION (M)

HLSIZONTAL cecveccnee Hoel 33 ved 39 GeBH7 Q0.866 Lel&7

VERTICAL see0c0ccsnne Deoldad Vel 42 veldn Oela0 Oela0
INPUT NOSE POSITION (M)

HCRIZONTAL osocooscese Devi2 Qol28y VeS060 0,870 1169

VERTICAL vesecovvesse ~Gol93 =La0US <0 o079 <0e076 =0,077
NUSE VELe Y=CCMPe (M/75)3 Lo ~0a le
COEFFICIENTS OF CuB IC PCLVNUN'&L/STANDARD DEV!‘T!ON

Uel237€E 00 wrlLCBE 02 ~Le27TILE U8 Ce203BE 06 7/ G010 (M)
NMOSE VELe X=-COMPe (M/5): 353, 2T46 e 1684 16l

213,
COEFFICIENTS OF CublicC POLYNUM[AL/STANDARD NEVIATION
; ~VobUBZE=02 Qe 2L06E OJ =L eIURIE (S CelBTEE 07 / 0+4v003 W)

NUSE VELe ODIRECTIUNI(LEG) 200 1e 6 o8 ~0e0 Qe
- SEP ARATION ANGLE(VDEGKEE ) HELATIVE TO NOSE VELOC!TY
e .1 5.4 82 Sel

ABOVE
BELOW

[ N NN R NN N NN NN X ]
COOV0006032002000

mcua 6e 6 23¢9 Se 3 . Bo2

CeGe VELS Y~COMP o (M/S)3 B, Te Se 2e -l
CLUEFFICIENTS OF CuUBIC POLYNO“!AL/STANDARO DOEVIATION
Oell39E 00 CeBAOSE Gl =VaRUBUE 03 (o998B4E 0% / (Ue00U6 (M)

CeGe VEL» X=COMPs (M/5): 3136 274 ¢ 2195, 168 141,

COEFFICIENTS OF CUSIC POLYNUMIAL/STANDARD DEVEIATICON
=~GeIVI0E OS5 0eI168GE 07 7 0+0012 (M)

“ODelZ2lili O ved2ubtE vl

PONCELET ORAG CUEFFe = 10769
VO = 21%e STANLCe DEVIAs = 000306 (M)
ColGe VLo X~COMPe (K/S3)2 325 276

21%. 168« 133
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: SANC: ORY, DENSITY 1S538, KG/Mae3; APPROACHING VELICITY: 328, M/S
PROJECTILE: SOLID FLAT NOSE MASS5I0 5451 KGe D%0e02 Me L®Ce225 M

X=RAY STATION sescecsse NUe ) NQCe 2 MO I NQe. 4@ NQO.S

TIME (SECOND) ecoeacceee oCCOIBS V00697 4002198 003655 0C5820 ‘1

CENTER OF GRAVITY POSITION (M)
HOURILZONTAL eevrvvenose —wel?5 Qel29 Oe0d 0e693 1e049 i
VERTICAL ceeseencsneee Qoldid velJdu Ded 3B 0el 39 Vel

INCLINATION ANGLELLEG) e 1e5 2:5 Se¢ 7«0 90
SEPARAT[ON ANGLE (LDEGKREE)

ABOVE 3000000000000 S BN 6o U 7«0 100 11.0
BELOW sevescscacsevcoe snew Je O Je G 200 15
NUSE WIDTH (M ON FliMle 000200 Va3 0002385 060200 GQeu23C

NOSE POSITIUN (M)
HCRIZONTAL oscseccveces Ve0G 36 Vel28Z J«595 0805 1160
VERTICAL oeecvescecsee Uel26 vel 35 Celd3 0ol B2 val6®
INPUT NUSE POSITION (M)
HUKIZONTAL oscccscccee 0edH0 Jelbd 0559 Qe?799 1e163
VERTICAL c¢cevcesccncee =Va0%9]l <~veu82 ~0.:072 =0060 =0,042

NOSE VELe Y=-COMFe (M/53)3 13. 1Ce 14,

Se
CUEFFICRENTS UF CUBIC POLYNOMIAL/STANDARD DEVIATION
Ve l247E 00 Oelddlbl 02 =CeIINTE U8 UeIBUPE 06 / 000021 (M) i ‘

NOSE VEL e X=COMPs (Mr/S): 372 300 167 137. 259
COEFFICIENTS OF CUBIL POLYNUMIAL/STANDARDO DEVIATION
=0 W lIZ2EE-VL  CedPOIL U3 ~UeT7022E C5 Ve7IV3E VT / Oev202 (W)

NOSE VEL e« DIRECTIUNIUVEG? o0 19 e? 20 301
SEPARATION AMGLELC(DEGREE )e FRELATIVE TO NObE VEIOCITY I
ABOVE osc0eenccecessene veew Seb L X Se¢J Sel '
BELUW cesevcevcencoce L IR ¥ 3e 6 Ded Ge? Teb f
4
!

CeGo VEL e Y=-COMPe (M/S) ¢ 12 Be 20 3. 13

COEFFICIENTS OF CuB 1C POLYNUMIAL/STANDARD DEVIATION

Q0el218E Q0 QeldIUGE QL ~0eWUSSE 084 (4636 06 7 00013 (M)
CoGoe VYEL o X=COMP, (M/S): 372 300. 167 137 25%.
COEFFICIENTS OF CUUIC POLYNUMIAL/STANCARD DEVIATION
=-Jel20LE 0C Oed¥Dle VU3 =0+7611LC 0S5 (e738IE 0T / Le0202 (M)

s e e S Ir——

|
:
|

PONCELET DRAG COEFF,e = 2,498 ‘

VO = 372¢ STANDe DEVIAe = 0.,0503 (M)

CeGe VEL's X=COMPs (M/S): 2724 3Ga. 202. 187, 112, ‘
i
|
|
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»>HOT 23 ( 11 MARCHe 1970, NO. 8 )

SAND: DRYe DENSITYI1538¢ KG/MEe ] APPRUACHING VELOCLITY: J323.
PROJECTILE: SOLID FLAT NOSE MASS3GeS5431 KGe Dule02 Me Lm0e223

K=K AY STATICN seesev0ve Mle i NQe 2 NC.3 NO.6 NOeS

“/s
L

TINE (SECOND) ssvveecse oUVALZLE 0008uS (U0VZ21IUS (003777 008789

CENTER UF GRAVITY FUSITION (M)
HCRIZUNTAL eoeoseacce =007 Vel3J Vel Oe76¢ 1,08

7

VERTICAL eveovsvcevese Uelil veldo Vel 30 Oelb) LeleS

INCLIMATIUN ANGLECDEG)» 24,0 19 Re 2 3?7 6e8
SEPARATIUN ANGLE(De GREE )
ABGVE sc0eesesisssvene SuEE GeV el Se3 90
BELLW ceeesesscncccne e Sov FIY-} 2¢0 19

NOSE wiIDTH (M ON FILM)e Vo025V Ce0230 (UeV23C 0002385 0e024C

NOSE POSITION (M)

HECRIZONTAL ees0evcese Qo042 Vo246 0.887 008790 1.370
VERTICAL eeanvisererocen 6145 veldd Gel ) Iy E-1"] 0157

INPUT NOSE “0S11a0N (M)

HERILUNTIL evvecencee 0OolA3 Ce248 0¢561 Q.886 1173
VEHTICAL sesvesvscnnre =LebP2 <=L elBE <0075 =06C63 =~0Le0S8

NOSE VELe Y=COMPe (M/5)3 10 8o - L 3.
COEFFICIENTS OF CUBIC PULVNONIALISTANDARD DEVIATION
Vel266E 00 GCelOUIE 02 =0+IUBTE V& NeSA02E 0S5 7 00013 (M)

NOSE VELe X=COMPa (M/5) 3 309, 274 e 218, 165 131
CGEFFICIENTS OF CUBIC POLYNUMIAL/STANDARD DEVIATION
Le@9YVE=U2 003L95E LI ~TJ62726E 09 0VIIO0SE 07 7 0.00(53 (M)

NGOSE YEL e DIRECTIC .DEG) ie¢8 1e8 le6 3.5 le3
SEPARATION ANGLE(VEGUREE )e RELATIVE TO NOSE VELQCIETY
ABOVE evsvcocesccones 1221 603 3e9 303 386
BELOW eeeecvssrecscse ks 407 3ol o2 (.T% 4
CoGe VELe Y—=COMP,e (M/S): lie Qe Se 2. Oe

COEFFICIENTS OF CubBlicC POLYNUNIALI&T&NDARD LEVIATIO
Cel200E V0O GellS3IE 02 ~JIS24E 04 O l119E 06 / 000018 (M)

CoGe VELe X=COMFo (M/5)3: 309, 276 218 166. 132
COEFFICIENTS OF CUBIC PULYNUMIAL/STANDARO DEVIATVION
=~V IUTIE 00 CoIISAE 03 =0el272JE US UolI309E 07 / 000035 (M)

PUONCELET ORAG COEFFe = 1723
VO = 218 STANDe DPEVIAG = (o126 (M)
CeGoe VEL e X=COMPe (M/7S): 326 279 218, 171 13S.
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SHOT 2« { 12 MANCHs (9766 NGo 1 )

SAND: DRYe OENS]'vii538s KG/Me23: LPPROACHING YELOCITY: 327, M/5
PROJECTILES SOLAO FLAT NOSE MASS30e5443 KGe O=2Ge02 Ms Lu0e22%5 M

X=RAY STATION escevcses NGo L WNOe2 NQe I NOs& NL,S

TIME (SECOND) oceenesecs ¢ULLIIO 000830 (002019 4003016 L0696

CENTER QOF GRAVITY FCHITION (Ms
HORIZONTAL eecscsoere =04089 vell$ 0«002 Qe710 1-024
VERTICAL eer0¢c:0000ee¢ Ueldod Caol30 vel3S Qel 3V Cetd

INCL INAT TON ANGLE+DEG) . Vel 200 203 60 SeC
SEPARATION ANGLS(DEGREE )
ABUVE ss0000cs0cssnce *o2s Yo $e0 gag Seu
.

BELOW ¢20000s0v0csone *pEn LYY’ Je? Le
NOSE wIOTH (M ON FiLM)e (GelZaC Vo223 Ce0223 Ce0220 Ls022C

NOSE POSITION (M)
HOCRIZOMNTAL ecssecveecs OeU24 JeddB GeB1S5 0823 ‘Lol 37
VERTICAL esecovscscrsaes OQelt Qelie CelAQ Cela? 0»156
INPUT NOSE POSITION (M)
HORI ZONT AL eovensevecee 04021 Vo228 04513 QeB21 L1136
VERT ICAL sv0000020000 ~0e0P]l =0e0B83 =0s077 =0a069% =Jedb6l]

NUSE VEL. e Y~COMPs (M/S): 10 Be Se 30 Se
COEFFICIENTS OF CuUBIC POLYNOGMIAL/STANDARD DEVIATIO
DelZSHE UL OQalUe6E 0L =0lBALE G4 (cIS6TE 006 / 000015 (")

NOSE VEL e X=COMP, (Mr/5)2 5Te 270G 219« 170, 140,
COLFFICIENTS OF QUBIC POLYNUMIAL/STANDARD OEVIATIOM
~0,5028E~01 Q43102 03 -0028I10E 0b CGLISOSE 07 7 00028 (M)

KROSE VELe DIRECTIUNCLDEG) 1e9 1.3 | 1Y Le®

SEPARATION ANGLE(UEGREE )9 REZLATI VE TO NOSF VELOCITY
ABOVE oevocsococosvens sER N L TY ) 3.8 2ol 1e9
BELOM ecoceccvccecsnse exXE LYY 4.2 Sed Gab
3e

Cetie VELe Y=~COMP, (M7S):

COEFFICIENTS OF cuBlcC PQLYNO“KAL/STANDAFD DEV(ATI‘
Nel258F 00 VoeS59u25 01 -068590E U3 Qe7040E 08 7 00302 (M)

Crao0e VELe X=~COMPe (MNr3)2 307, 270 e 2190 170 140,

Z0EFFICIENTS OF CUBIC POLYNOMIAL/STANDAKD OEVIATION

~Q0el293E 00 0DeI102E U3 ~02814T 085 D150C9E OT7 / 0.0C10 €M)

PONCELET ORAG COFfFFe = 1e726
VYO = 219e¢ STAMIe LEVIAe = 040088 (M)

CeGe VEL e X=CuMP,e (M/5): 32V 273 219 173 135,
RECORDED TINME OF MAXIMUM/MINIMUM COIL VOLTAGE (35)
MAX e 00Ul LS 20QUives 003529 «00%5418
MIN 001712 wOU2T7) 0004575 « 006904
COMPUTED NOSE PLSITION AT MAX/ZMIN CQIL. 7OLTAGE (M)
AT MAX Oewisd Qed9s O0e8B0GHB L +09%
AT MIN Dulwe GebT70 Qe9Ii L +306
RECORDED COI. PUSITION (M)
0«9 Ve 486 Ue?778 14076
CiFFERENCE BETUEFN culL ANU NUSE AT MaX/7MIN VCLT AGE (M)
AT MAX Yol oGO8 Ce V30 Ce023
AT MIN 0.19. Uoia‘ Voald 0:230
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ShuT &% € 12 MARCHe 1976y NOe 2 )

SAND: DRYe DENSITY: %36 KG/NCOS | APPRUACHING VELOCITYZR AlL, K/8
PHROJECTILE. SOLILU FLAT NUSE MASSIQu0843 KGe D"Q0e02 Ms LE0.220 M

AR«RAY STATIUN sevecarnee NUe } NUe « NO. 3 NOe NOeS

TIME (SECOND) evavesneen o0UUUAZL 2u00881L 001TUI 003009 000612
CENTER OF GRAVITY POUSITION (M)
HCRIZOUNTAL evee oeoone =UeVU8Y? O.118 0417 Qo726 L1025
VERTICAL ecceevsveovssnse ULel32 velld? Veidd QelAS CelSe

INCLINATION ANGLE(UEG). 020 200 3¢5 Tel 1Y)
s ARATIOM ANGLEIVEGREE ) .
ABUVE o000 .00000c00000 s3ue Ge 0 (.7% . 7.0 -0.0
BELOW eesccscecssccnnne SNy 805 3¢9 | 'Y

NOSE WIOTH (M ON FiiLMle L0240 QelU23u 0022% 00,0229 9.6225
NGSE POSITION (M)
HCRILONTAL oo - ¢ovseoe Ce b Ve23l 0s8729 d.832 1e136
VERTICAL ¢ veonsconee Vel 32 veldel OCelS0 0159 Qe1 7}
INPLT NOSE PGSITIUN (M)
MHCR ILUNMTAL sececseencse Lolg3 Ceadl O0eB29 Q0.8J8 14338
VERTICAL e ccesncccsve ~UeQBL =uoelDTS =0ee35 =003 =008}

NOSE VELS Y=COMPe (M/5)3 10, 12 de 6o 11.
COESFICIENTS OF CUBILC POLYNUMIAL/S TANDARD DEVIAT'ON
Cel3USE UV UelTULLE V2 ~0eIVUSBE C& U(a4T766E 00 7 U.000% (M)

NOSE VELo X=CCOMPoe (M/3): J8I. 33%. 266. 206 176,
CLEFFICIENTS OF CUBIC PULYNUMIAL/STANGARD DEVIATION
~0elVOAE=~01 Cra%l7e 03 =UstrbhPeE 05 CeJI2IE O7 /7 0eJ052 (M)

NLSE VELe DIRECTIVHOEG) 24 ol X4 Le? 38
SiPARATION ANGLE(JEGREE ), RELAT‘VE TO NOSE VELO"ITY
ABOVE oeseccevscccovese #EEs Be l L X% 4 Le? 4$e8S
BELOW osceereccvcssene SLUlH L Y de8 GeB S5
CoGo VELe Y=CUMPs (M/5) 2 12 Je 20 Qe

COGCFFICIENTS OF CuBlC POLYNUNIALIS?ANDARD DEVIATIO
VelIUSE 00 Oelt. 6 UZ ~0e8IC3IE "* GeYTTHE G0 / 0.00!0 (")

CoeGe VEL e X=CNNZe (M/S): 381 335 266, 207« 177
COEFFICIENTS JF CUBIL PUOLYNOMIAL/STANDARD DEVIATION
~0elI20E OU 0e3PLi5E VI ~0e%0069E 05 Ue3092E 07 7 040054 (M)

PUNCELET DRAG CUEFFe = 1,684
VO = 266+ STANDe LEVIAe = 060039 (M)
CoGe VEL- K~COMF, {M/S): 389 334, 2566, 213 . 169.
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S$HOT 4o { IR MARCHe 1976¢ NOe 3 )
SANC: DRYe DENSITY: 1838¢ ANG/MEBI ] APPROACHING VELOCITY: 40Ce M/S
PROJECTILE? SOLID FLAT NUSE MASS205083 KGs O30 02 My L=Uc225 M
X=RAY STATION ssnovesese NOoi NQe 2 NCeJd NQed NOeS

| TIME (SECOND) eccecsossee .cooaoa s000OTS 001687 ,003003 0CeS82 1
' CENTER OF GRAVITY POSITION (M i
[}

HCRIZONTAL evoccoessne -00056 Oelly Je gy VeT IV 1048
VERTICAL eovevsocences Uslie Velag Qel a0 0e¢l183 Deld0

INCLAINATION ANGLE(VEG) « Oev leV OeS =1e8 660
SEPARATION ANGLE (OEGKREE)
ABCOVE eeesncecccsnieces 88 SeQ Je8 203 Oe®
BELUW cocvvscccsnncee S388 L T%-) 49 Ge S . )
NOSE WIOTH (M ON FlLM)e GLel250 0002280 0GeUR30 060230 Goe0asH !
NOSE POSITION (m) h
|

HORIZONTAL ocesvecveee 04027 Ved32 veS833 Gel0A3 1elaA7

VERTICAL eocsvocsosce QNelde Velie2 Oela? 0elSC Oelap
ENPUT NOSE POSITICON (M)

HORIZONTAL eocvcvocece 00024 VedJ2 e8I 0.844¢ 1eldd

VERTEICAL ocesevccvrce —-0s081 0 e078 <=04068 =0.068 <~0,0067

NOSE VEL e VY=COMPs (M/S)S 13e Qe =0e -le
COEFFICIENTS OF CUBIC POLYNOMIAL/STANDARD DEV!AT! ON
0el3I2E 00 NelITHE 02 =0eITONVE 08 0e2733L 06 7 060013 (M)

NCSE VEL e X=COMPe (M/S): 383, 330, 207, 209 18S.
COEFFICIENTS OF CUBIC PULYNUMIAL/STANDARD DEVIATION
=0ei369€E-01 0Qe3921E 03 ~0:4603E (S5 U03I96E 07 7/ C«001S (M)

i NOSE VELe DIRECTIUN(DEG) 1e9 16 Oe =00 =0e#d
: SEPARATICON ANGLE (VDEGKEE ). RhLATlVE TO NOSE VEtOClTV

’ ABOVE [ AN XN NE YN NN NENLX] .‘ 5.6 3.9 ‘.o 6.‘

BELOW covo0v0ceeovscocoe .“‘ 3.9 el 4.0 29

CeGe VELe Y=COMP,e (MW/S) 3 P Be Oe 50 Se

COEFFICIENTS OF CuBlC POLYNUMIAL/STANDARD DEVIATIO
Uel3I3ME 00 GC.908BUE O —001439C C4 O0c1306E 086 7/ 000007 (™)

CeGoe VéLo X=COMPe (M/5)3 383 336. 267, 209 187
COEFFICIENTS OF CUBIC POLYNUMIAL/STANDARD DEVIATION
=0e12T7E GO OQeIFIZE UI =0e4014E 05 GCo3432E 07 7 00014 (M)

' PONCELET DRAG COEFFe = | ,0649
VO = 267» STANDe DEVIA G = 00,0028 (M)

CoGe VELs X~COMPe (M/S): 3806, 333, 267, 2120 170,
RECORDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)
MAX «00U099 b 01556 «0028¢Cs « 004427
MIN 2000625 0002307 0063947 v 30563SC
COMPUTED NOSE POUSITIUON AT MAX/MIN COIL VOLTAGE (M) 1
AT MAX 0004‘ 0050 Jde 813 je118
AT MIN 689 L0029 1349

RECORDED ~OIL BOSITION (M) -
0778 1.076 ]

JeO Ced86
DIFFERENCE BETWEEN COUIL AND NLSE AT MAX/MIN VOLTAGE (M)
AT MAX Gelle Je02J3 YeC3S 0.042
AT MIN Qo214 Oe263 O0e251 0273




[ e Tana 2ot LR IR LR U (L o i ke L Rl b e s Sudad b, Jches o i ot cssaat b aaunedd A i Y )£ A BA P G 7T T P RO o

shatl e7 ( la MAKRCHs 19T70s NOo & )

SAND: ORVYe DENSITY 1830 KGr/uwed ) APPRUACHING VELOCITY
PRUJECTILE : SNL4D FLAT NUSE MASSIUAS443 KGe D30.02 M,

K=RAY STATION osccecevsoe NOo } NUOe & Nle 3 NOe 4

TIME (SECOND ) esnssscee a0UUILLE v 681 wCUITOI 00301
CENTER OF GRAVITY PCHITION (M)
HCRILONTAL veevescesse =0eL87 Vell® 0022 Oe?32
VERTICAL ecovsevcvens Veoldd vel92 velbl 02169

INCLINATION ANGLE(DEG) . 0 OeV ‘=04 2%
SEPARATION ANGLLE(DEOGKEE )

ABUVE secvcceccscocss Soen 4.3 deB le0
OELUW eencascrecoscoes BEUS Oev 740 Te0
NUSE wiOTH (M ON FllLM)e ValU25y Ceb23C 00230 0.0230

NC3E POSITION (M)
HCRICONTAL e¢ovesccocee VeUZO Ve2d2 Ve83% Q0e848
VERTICAL eencceecrreee Loldd volb2 SelGU 0s1064
INPUT NGOSE PUSITIUN (M)
HCRIZUNTAL caceccvsee (o023 VeI 0.838 0.846
VERTICAL esvcuncscencss ~velO70 =uel82 <=06063 <~JendP

NOSE VELe Y=CUMP. (M/3): 18. 12¢ Se 2
COEFFICIENTS OF CUBIC T"OLYNUMIAL.STANDARD DEVIATION

1 4G%9e M/S
LmQe22% M

NQe S
8 JLUAB28

C.980
CelTo

~2¢5

2¢95

Te0
92:023¢C

1002
Qel 71

14051
«0e0-0

O41B09E U0 GCel¥wOHUE (2 =GaBLTIE 04 U7ULTE V& / CGeUVOS (M)

NOSE VEL e X~COMIe (M/S): 371, 336. 273 189
CQhFFlC[hNTS OF (UBIC FOLYNUMIAL/STANDARD CEVIATION

db e

“0elSB5E-01 Qed77%: L3 ~0e3029E G5 =-0+2130E 06 7 G.0CT2 (M)

NOSE VELe OUIRECTIGNIDEG) 208 201 0e8

SEPARATION ANGLE(UCGREE ) RELATIVE TU NOSE VEODC!TV
ABUOVE vessvessessosse LY L . 4o 4e1
BELUN vevcsvecssssosse BSBUS 309 Set 3.9

CeGo VYVELe Y=CUMP, (M/S): 16e 12 1Y Qe

COEFFICIENTS OF CUBIC PULYNUMIAL/STANHDARD OEVAATION

- TY
1C«8

=le

O

OelG13E 00 OQel7UDE 02 =-Ues3IGBBE U4 WLe3ISAIT7E 06 / 0000!0 (M)

CoGe VELe X=COMPe (M/S5): 371 337 273 1390
COEFFICIENTS OF . CUHIC POLYNUMIAL/STANDARD DEVIATION

84,

“Uel2B9E UV Ue3TBLIE U3 —0e3U29E 05 ~002130E 06 7 0.0073 (M)

PONCELETY CRAG COEFF e = Lle7064
VO = 273¢ STANUe DEVIAe = U eGSSU (M)
CeGe VELe X~COMPs (M/S)2 413 349, 273 2106
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WHNUT 29 U 12 MARGH. 197¢s NOe 6 )

SAND? ORY, DENSITYI185J8s KGi/NeeI] APPROACHING VELOCITY: AC8. M/S
PROJECTILE: SOLID FLAT NUSE MASSIU«SA47 KGo DRQel2 Me LE20e225 M

X=RAY STATIUN eceencsae NOe 3 NOs 2 NQs 3 NO, & NGe S

TIME (SECUND) ososvaceser 2LULLTT? +U0003IS 001656 0020834 40CASST
CENTER QOF GRAVITY FPUSITION (M)
HGRIZONTAL ceavecseace ~L oyl vel2( Ced 21 QeTVI 103} -
VERTICAL sceascvcvorecse 0ellS vel 22 Qe130 Jel 32 Vel2€

INCLINATION ANGLEILEG) . -1e8 “leS =t aQ -89 - XX
SEPARATVION ANGLELUE GHEE)
AUBCVE seeconncenccceans SN 40 3.0 1e9 lav
BELOW ecossvcssesscnne [ 1 X 1] 9.0 0.8 1le9d) 1La0

NOSE wiIDTH (M ON FILMIe VeQ290 UaCl4uU “0e3C (eld3U 000230
NOSE POSATION (M)
HOURIZOMNTAL evsescsasne wel g8 ve? 32 VeS3a6 Vel L3 lel3a
VEARTICAL cevovoscsnenr GLeolld vell® Jel22 vell9 Call5
INPUTY NUSE POSITIUN (M)
HCRIZONTAL cosscoscee Veu2d Ve 3y CeS5 38 vr809 Lolda
VERTICAL corecstoenee ~LodUB8 =Ueldu <“0e096 =uelvW0 =0el10S

NOSE VEL e Y=COMPs (M/S): 13 X ~Ge -& o 24
COEFFICIENTS GF CUBIC PULYMUMIAL/STANDARD DEVIAT!ION
VellIoE VU VeldDVWBE U2 =VebF07E L4 Coe7BUIE 06 7/ QeV200 (M)

NOSE VELe X~CUOMPe (M/5): 387, 337 31 2180 e 1850
COEFFIC(&NTS JF CuulC POLVNOKIALI&?ANOARO DEVIATIUN
“Qe l4BUE~UZ2 JeIVAIE UJ ~0eWUJITE 0S5 QeITIILIE OT7 7 GCeud31 (M)

RN W ey $ oo R oSy

x NUSE VEL e DIRECTIUNCUEG) 2e2 18 -0 -102 Ge S
‘ SEPARATION ANGLE(VLEGNEE )e RELATIVE TO NCSE VELOC‘TY
ABOVE easosvocsconcece ‘e 6e ¥ Ge 6.8 TeS
dELDYW eevecvecssccnce LA X 1] Ge l 6.6 Se 7 35
oG o Y=COMP,. (M/3)}: 16 =le -he \

CeGe VEL
COEFFICIENTS OF CQUmIC pOLYNQN‘AL/STANﬂﬁRD DEV!AT(DN
VellI2E 00 Velb6VYIE U2 ~UVedHIIE (6 VedIZBE QO / 0N002 (M)

CeGa VELe R=COMFes LM/S): 287, 338, 2€5. 2109 185,
COEFFICIENTS GF CUBIC PULYNOMIAL/STANDARD DEVIATION
“VellaBE 04U Qe3¥@ilc OF =0s08U6E US QeJO7CE O7 / 040033 (M)

PONCELET DRAG CUEFFe = L4706
VO = 265« 5TANDe DEVIAs = Go0025 (M)

CoeGe VELe X=COMFe (M/5}): 388 333, 26% e 21480 167,
RECURDED TIME OF MAXIMUM/ZMINIMUM COIL VOLTAGE (S)
MANR e U0LLGZ LUl Sbe whv2bba « 00447 . !
MIN e GOLSL7 o022 76 WJ3762 0 005542
COMPUTED NOSE PUSITIUN AT MAX/7MIN COIL. VOLTAGE (M)
. AT AAX Qo223 GeS511 U+818 1127
- AT MmN De2us Le6BY Ve 595 1330

RECCLROED COIL POS!T!ON (™M)

0s486 0778 1.076
DIFFLRENCE BETWEEN COIL AND NCSE AT MAX/MIN VOLTAZE (M) )
‘ AT MAX 0e023 Vsu2s Veld) £ 081
, AT MIN Dedué 0243 vedd? de254
{
t
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e

CA 1% g ¢ { L& MAKCH, 19T6¢ NOe 7 )

SANGS DRYs DEMNSITY 10386 KG/MOSI T APPROACHING VELOCITY: 352, M/S
PROUJECTILE: SOLIVD b ICUNIC HASS 0 4904 KGo D002 Mo Lm0e226 M

X=RAY STATIUN esevsrecees NUi NUe 2 NGo ¥ NCa & NQOe S 1

TIML (SECOND ) eseencece o00ULLS oGOVBBL 4001ITOI 002878 oCUGBLY’

CENTER OF GRAVIIY PUSITIUN (M) i
HURLILOATAL s0000cvace ~LedSZ LelOV [*XY 17.] Ge?718 1094
VEARTICAL e)r0cceceecee Wwalle Je ll$ Gel2s Coi 30 Celb2 :

INCLINATION ANGLECCEG) . Ve 1.0 2e8 6.0 110
SLPAKATIGN ANGLEIDEGKES )
ABUVE cevesssncosnent cedw (31 48 $.0 . T}-] l
BELUYW eesc200800vs00sre o H reEs 200 1¢0 1¢8 Iy
Y

NMOSE RIDOTH (M ON FlLMie Vvel250 VeU230 GeU22% G2V Ce0203 ]
WOSE POSEITICN (M)
HIRILLONTAL oevecse0cocere Ol WL veldd 0529 Oe839 le214
VERTICAL ecovvenvesse Uslle vel22 0sd3V vele] JelBS
INPUT NOSE PISITION (M)
HURIZONTAL oscnsonceore 00028 Ve22} ve 8529 0639 1219
VERTICAL c¢oevecvvovnnc =VUelud =0oew97 =0,088 -0,074 =CoC3I3

B T s o P

NOSE VEL e Y=COMPe (M/7S)3 L4, Be L 38.
CUEFFICIENTS OF CUubIC PULYNUNIALISTANDAQD DEVIATION
! Unll2TE Q0 ColNYTE (2 =0e4330E 94 U1019E 07 7 020007 (M) ‘

NOGE VELe X=COMP, (M/3)S J4%e 324 283, 242, 193, '
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SANC: WET, DENSITV:I20SU e KG/MEwI | APPROACHING VELOCEITYS
FROMECTILE?: SULID STEP=TIER MASS5IveS565T KGe DBUL0Z M, L=@e238 K

X=RAY STATYION cscascnce
TIME (SECOND) se0cc0esn

NU.)

eQ00118 o00LOGMA

CENTER OF GRAVITY POUSITION (M)

HCKIZONTAL eeseovcvoen
VERTICAL e¢occconvcesoev

INCLINAT ION ANGLE(DEG)e

SEPARATION ANGLELDCGKREE )

ABUVE eveccosencevesnse
BELJYW seevvseesvsnese
NOSE WIDTH (M ON FliM)e
tNOSE POSITION (M)
HCOCRIZONTAL svcesevese
VERTICAL ecseeenscenc
INPUT NUSE POSITIUN (M)
HMURIZONTAL s0ccenvone
VERTICAL oecccvscneeos

182019
16«91

seNN e
txee
ey

SEEBLS

L18e1a0
1ds.12i

(X2 2 K1
S9EEBE

NQe 2

vell
veldO2

le b
1L TX")
14e0

00230

Vel33
vel ¢S

Qe234
-G el Q6

wOe 3 NQeo4
«00LBC) 4002498

16514 Qeb07
18.261 Qel il

sEuBe 6e 0
X3 Y] 140
(311 6e S

sesnsx 00,0230

18,535 0e783
184121 Crkdd

eSS &S 04781
L2 -2 20 -0eli9e

QU2 M/S

NOeS
«JC38a8

1914
18,241

Sksse
she>

L 22 )
segERR

19,104
184121

1212 4 1]
LR L R
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SHul 5S¢ { 10 APRILe 19786¢ NOo 1 )

SANC: ORYs DENSITYI1D38e KG/Mee3; APPROACHING VELOCITY: 210e M/S
PROJECTILE: 30LIL STER-TIER MASSIVeBCEZ KGo D30602 Mo L=Ue2I8 M

A=K AY STATION eseccocvcee NOo ! NGe 2 NOs 3 NO<S NGeS

TIME (SECCNDI scavcseee ¢000ib0 ouCGl217 2003251 005471 008136

CeENTER OF GRAVITY POSITION (M) :
HURLZUNTAL ooececonce ~Lalivwe Vel u¥ Ved28 VLe708 0e975
VERTICAL eeavncoevvene velit GellH Vel &y de 128 Cel2%

INCLINAT ION ANGLEC(LEG) . Qe Oetd " =1a0 -3e% -5¢95
SEPARATION ANGLE(ULEOGREE )
ABOVE eeevercscecccasne 173} S5 400 3.0 [ XYY
BelU® eveerccesassses (L X R S¢S 600 Se 0 364U

NOSE WiDTH (M ON FILM)e Ve029C Wel0230 000230 e0230 00230
NUSE PGSITION (M)
HORKILONTAL eocveeccscee Ve0 26 Ve23i VeS5%50 0829 1 eG9E
VERTICAL eveecvsccase Oe l b Vel lS Coll8 O0el 21 Oel 2?7
INPUT NOSE FOSITION (M)
HURIZONTAL eoveo0coese Labad Ve231 C eS8z 0.828 1.0046
VeErRTICAL eesr0cececnve =Uellle =veltUS =velll =0098 -0.°'02

NUSE VEL e V=COMire (M/S)2 Te Se le -l -La
CUEFFICIENTS OF (CUblC PQLYNUHIAL/;TANDARO DEVIATION
WelvOHBSE OU 0QVe7758E UL =0:1255E U 0e5922F 05 /7 0.0022 (M}

NCSE VELe X~CCMPe (M/5): 2006 i8l., 140 110 98 .
COEFFICLENTS OF CUBIC FULYNUMIALA/STANDARD DEVIATION
~VeFTIOE~02 Ve2lUTh wd =UelJI2TE 05 0Qe3007E 06 7 G«0044 (M)

MOSE VELe DIRECTIUN(DEG) 2ev 126 Qe -0e3 ~0e5
SEPARATION ANGLE(ULEGKEE )o RELATIVE TO NOSE VELOCITY
ABQOVE sevcccsscnscnce sseE Tel Sel 602 S0
BELOW eceevvecovnccoce 2 21 3.9 de b 18 20
CeGo VELe Y=COMFe (M/S) S G Se 3e 20 «0e

COEFFICIENTS OF CUBIC POLYNUMIAL/STANDARD OEVIATION
VDelUSBE Ou  CabAV3E O1 =0e49BUE U3 U67S2E CA4 7 0.0026 (M)

CoGe VEL e X~COMPs (M/5)2 206 181 140. 118 94,
COSFFICIENTS OF CuBIC POLYNUMIAL/STANDARD DEVIATION
~0el318E QO CeZliOt U3 —061326E 05 UVeS005E 06 7/ Ce004S5 (M)

PONCELET DRAG COEFFe = 1811

VO = 14Ge STANDUe DEVIAs = 00028 (M)
CeGe VEL e X=COMFe (M/5)35 210 180 140. 113 02
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SHUT 54 ( Ju APRILe 19765 NDe 2 )

SANDS DRYs DceNSITY 1540 KG/MuSJI; AFPRUACHING VELUCITYS 212s M/S
PROJECTILES SOLID STEP=-TIEK MASS IV 5652 KGos D=0 w2 Mo LEC.238 M

X=RAY SYATICN coesoenvvee NOse NO:2 NQe3 NOwd MO S

TIME (SECUND) eosesnecce 2000186 200A&27 003233 005578 L0CBLI68

CENTER OF GRAVITY POSITLON (M)
HLRIZONTAL osvevoonese ~uUel9D GelB DI P38 18,819 (V- 1.3¢
VERTICARI. o0cecessncese Uelub vella Coll [18ec4} 0091

INCLINATION ANGLE(DEG). | YY) VeSS -5e0 PR Y Y -1049
SEPARATION ANGLLEIDEGKREE ) "
ACUVE eocescoecvrsvose s én k PY7 240 sees LY XL
GEl.UW ecsorsoncorscny sEsE Jew 7.0 SER K sen N

NUSE WIODTH (M GON FllLHle Let28V velR3IS We02I5 wstsrs (60250
NOSE FPOSITION (wm;
HOGRIZAOMNTAL eoceeseecce Oev2? Ce&oaw 851 134839 1078
VERTICAL evo0svevsosee Vs iU vedlD Js1GCH 18e121) Oe061
INFUT NOSE POSITIUN (M)
HCRIZOUNTAL sscecsesees Leues QeI CeB54 St&dus 1.062

VERTICAL osecccoooscee =Colld =uale5 =0elib *3xa8%s <0173

o ————— e e e e <
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SHul Se { 3V APRILs 1976¢ NOe. 3 )

s ange

SANDS URYe DENSITY 1036 e KG/M¥E3{ APPIOACHING VELOCITY: 208. WM/S
"PROJECTILE: S0LID »TER=TIER MASS v el0b. KGe D002 My LE0.298 M

X=RAY STATIUN esovrccsees NG« ) NOes 2 NOe2 NOe& NG5

TIME {SECUND) coevecccee 0000155 ouGli IS0 0GI199 630573¢C 068550

CENTER UF GRAVITY PQOSITION (M) :
AURLZUNTAL eesccccece =5e09Y9 Ve dOVU 0815 Us722 Qe 99L
VERTICAL s escosesscees well& Gelly Jella Deld? Qel 2l

INCL INAT ION ANGLEVOEG)e 2eu ZeV 20 209 298
SEPARATION ANGLE(DE GREE )
ABUVE s eecoscecccnesne 2388 -} - TY ) 6.0 SeV
OELO® se0e600vsccnieve 68 - T%] e Je 0 360
NOSE wiOTH (M ON FLILM)e 0602600 00200 0Ved23 040235 00,0240 [
NCSE PCSITION (M) i

HORIZONTAL o¢ooescseses UVel23 Jel22i QeS36 O«844 lell2

VERTICAL oseveconcasoss wolub Oel A Veilld Oel22 Oel 26
INPUT NOSE POSITIUN (M}

HOURIZONTAL veccccvvee NeU)9 Ve220 0e 837 0845 1106

VEKTICAL eccesovecons =06dlT7T ~0el06 <=GolOl =0e096 =0,091

NOSE VELe Y=COMPW (M/S)S Te Se 2e le e
COEFFICIENTS OF (UBIC FOLYNUMIALZ/STANDARD 2EVIATION
Ve luDOE (O Je7HD78E 01 =0eiZ08E US ye7B875E 0S5 7/ 040018 (M)

NOSE VEL e X=COMFe (M/5)2 2024 178 1390 1C8e 88, .
COEFFICIENTS OF CuolC PULYNUMIAL/STANDARD DEVIATION !
~JeTYPOSE~02 0Qe2050E 03 ~0.1443E 05 O043L1E 06 7 00008 (M) I

A TN T 0 NI, W T AT 1w CYCWRTe A A

% NOSE VEL e DIRECTIUNI(DEG) 20 1+6 0.8 OeA 2¢l

. SEPARATIUN ANGLE(DEGREE)s KELATIVE TU NOSE VELOCITY .

t ABUVE eeescscoccovscne shex Se & 3.8 309 Q6 i

i BELOW eevvscernecsossce sR¥E Ge b Se2 S.1 K PY ) g
CoeGe VELe Y-COMPe (M/S): 8o Se 2e le &

COEFFICIENTS OF CUEIC PULYNUMIAL/STAND ARD DEVIATION
QalULAVE 00 JeHUILE Ul =VolaDEE 04 0Qe9274E 0% 7 0400186 (M)

CoGoe VELe K=COMFe (M/S): 202« 178, 139¢ 106 87
COEFFICIENTS OF CUBIC POLYNUNIALZ/STANDARD DEVIATION
«0 ¢l29VE U0 OoluwdDTE U3 =0 elZ243E U5 0CeA4303E 06 7 Ce0012 (W)

PONCELET DRAG CCEFFe = 14900
VO = 139¢ STAND DthAo = 040063 (M)

é CeGe VELe X—COMF, 3)8 212, 189 139. 108, 87.
i
; RECGROED TIME OF MAXIMUM/MINIMUM COIL VOLTLGE (S)
i MA X «Q0Ul2s «003GAs +0050621 « 0008789

MinN 0011684 2 L0OA6SE «Q07516 «0110%56

COMPUTED NOSE PLSITIUN AT MAXK/MIN COIL VOLTAGE (M)
AT MAX 000!7 04515 Ue832 lel 33
AT MIN Qe Qe7c® 1049 ¢330

! RECURDED COIL POSI?ION (Nl

Qe e486 Qe 791 086

OIFFERENCE BETweEN CUIL AND NUSE AT MAX/MIN VOLTAGh (m)
AT MAX De017 Ve @29 Ve OA L XYL %4
AT MIN Oe i b Ce238 vel22d Qo266

171




SHuT 59 ( LV APHILe 1976s NOe & )

SANC: DRY¢ DENSITY:1848s KGrMedli APPROACHING VELOCLITY: 206, #M/5
PROJECTILE: SOLID STEX-TIER MASS:vw 25052 KGe C=0e02 My L2U.238 M

X=RAY STATION oseecovese NOe & NOe 2 NOe 3 NCe o NO.S

TIML (SCCOND) eeoveveee ovUlL0202 2001282 UGI2B] 4005814 ,0L8618

CEMTER OF GRAVITY RULUSITION (M)
HURIZONTAL secvoeavee =009 OelO0 Oetld OeZl) Ce®7S
' VEKRTICAL secvvsecoveee velUd velilx velld Qelt22 Cel 18

‘ INCLINATIUN ANGLE(LEG)e Qo de0 =240 -S540 -%,8
SEPARATION ANGLE( UL GHREE )

ABOVE sevecovncncsene (2 X 1) 4,5 6eS s ¢ 1ad

BELOW eseevscvnveosvece (I ¥ 7 Se9 25 she e Vel

NOSE WIODTH (M O FliLMle vel2850 Ueliz3v 0QeVZI0 000220 0ec22C
NUSE PUSITION (M)
HCRIZONTAL eccorenvesn 0027 vel22 VeS533 JeB s 1097
VERTICAL eesessecocee Uelud vellill Oelled Qel A2 CLelCa
INPUT NOSE POSITIUN (M)
HOUK JILONTAL eceocoencece Veuldsa veg22l CeS533 Ve¢834 1092
VERTICAL soeseonsecece =vell? =yelud =velé =~Qs108 <-Call?

NOSE VELe Y- COMPe (M/S) 2 6o S Ge ~2e =3
COhFFlLthTb OF CuUBIC PULYNUMIAL/STANDARD DEVIATION
0+1046E QU LebOILE 01 ~Uelc7IE OO UeSOHIE (S 7 UIVLIS (W)

NOSE VELe X~CCMP, (M/S): 197 174. 136, 103, 87,
COEFFICIENTS OF CUBIC POLYNOMIAL/STANDARD DEVIATIUN
~0el282E~01 0Qes2ue¥%E UI ~0e123LE U5 (e&IVZE C6 7/ 04CG2%5 (M)

a1

NUSE VEL e DIRECTIUN(LEG) le8 1.2 g | ~led ~le?7
R SEPARATION ANGLE(LDEGREE )s HRELATIVE TU NOSE VELOCITY L
/ ABOVE ecvessvcesscceses (1212 Se?7 B8e6 SERH 408 ?
BELOW oss0c0ccvecvvccoce (121 3.8 Ged Ll 2 3e2
; CeGe VELe Y=CLOMFe (M/S): Se Se 3. -Ce -1

COEFEICIENTS OF CUBIC PULYNOMIAL/STANDARY QEVIATION
VelUGT7E 00 UVeb64LE U]l ~VeWTUE (3 =Ve l90T7E 0S5 7/ 1ieCl3 (M)

CoGo VELe X=COMP, (M/S): 197 174, 136. 104, 87.
COEFFICIENTS GF QUi PULYNOMLIAL/ST/NDARD OEVIATION
~“0elISOE 00 De2uUcdE 03 ~Cedad3BE US Gue3dIGE 05 7/ Le0G2€ (M)

PUNCELET DRAG CGEFFe = 1.8%94
YO = 136e STANLe LEVIAe = U1L0QO (M)

: CeGe VELe X=-COWPe (M/5): 205 175, 136, 106, 86.
RECORDED VIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)
KAX «C0C1ne 00031 3T e ULST730 « 008882
MIN 0001262 «04A845 «307680 011211
COMFUTED NOSE PUSLT IUN AT MAX/MIN COIL VOLTAGE (M)
AT MAX Ve0ls 514 veB2S lel 19
AT MIN Uela Vo728 1e0L 3 1323 |
RECOKDED COIL PUSITIGN (M) |
0a0 04791 1.086

Ce
DIFFcRENCE BETWEEN CLIL AND NCSE AT MAX/MIN VOLTAGE (M)
AT MAX GeULS veC26 VedlA 00033
AT MIN Qe22C Y L ¥3 0e 222 Q4237
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SHOT Seo { LU APRILe 19786+ NO. 8 )

SANUZ DRYs DENSITYI1ISIBe KG/MERI [ APPRUACHING VELOCITY: 323+ M/S
PrDJECTILES SOLID STeP-TIER MASSIL 5053 KGe DRUe02 My L=0,238 M

X=RAY STATIOM eencecens NG+ ) Nde NQe3 NOa o NO+S

TIME (SECOND)? eceocsvvse o0UULIBO 000820 001919 5003263 004808

CENTER OF GRAVITY POSITION (M)
HORIZONTAL ecscorcccee ~valb9 vallé veldTé 0652 0.880

VERTICAL escsssoonncee 9Dellt Vel l2 Oedl? 0ol 20 Oesi 19

INCLINATION ANGLE(VEG) O Qe Ve b =-1e0 =298 =800
SEPARATION ANGLL (OEGREE)

i ABLVE esveeveccrovsee seny Te S50 [T} 220

BELU® esecesveccosces se% S8 Se 0 [§ 113 L YY"

NUSE wiDTH (M ON FlILM)e De90250 00230 040230 00,0230 GeD220
NOSE POSITICN (W)
HEnJLZONTAL oso0ccccvese VeG33 ve228 0 868 Ce776 1001
VERTICAL socvecesvnce 0Oel06 Oek 3 Gells GellS 0108
INPUT NOSE PUSITION (M)
HUCRILONTAL eoosvenvece UVovic vel22b 0093 JeTbo Q.87
VERTICAL occocsssscace =0oelll =Ue20QT7 =041085 =0e165 =0.l1i2

NOSE VELe VY=CNMFe (M/S) S LGe 6o -3¢ ~he :
CDtFFlClENTS OF CUBIC PULYNUMIAL/ZSTANDARD DEVH&T‘DN .
VelLATE 00 OVellUE (L2 =0eJ33215 U3 (e2306UE N6 7 0.00LIT7 (M)

-

NUSE VEL e X=COMPe (M/S5'2 316, 281 2428 176, 126
CUEFFICIENTS OFf CuUBIC PLLYNUMIAL/STANDARD OEVEIATION
- eldd9E~U] UVaIe®3E UJI =“Le279¢E 05 C(CIQI2E 07 7 00069 (M)

—r nn—

NOSE VEL e NIKECTIUNIDLG) Led Oe3 ~l00 -2e¢0
SEPARATIUN AYGLEILVEGREE 3o RELATIVE TU NOSE VELOCITY 4
ADOVE ecvovncescecese L 32 1 ] 78 60d shby 5.0
BELUW cesssveevenscss E8ssx Qc? e 7 *68 e 1.0 ,
4
CoeGe VEL, Y~COMP. (WS): Qe Te ‘8o Oe ~2» }
COEFFICIENTS OF CublcC 90LVNONIAL/STANDARO DEVIATKON '
VelUudoE 00 Ve%832E O ~VelSLIOE UG 0,99%58E 03 7 0.C0006 (M)

! CoGoe VELe X=~COMPe (M/S): 318 280 228. 174, 126,
COEFFICIENTS OF CUbIC POLYNGMIAL/STANDARD DEVIATION
| “Jel462E UC 0Cedi4IE UJ =Ge2BOUE U5 0e1IZUE O7 /7 000069 (M)

PONCELET DRAG CUEFFe = 10760
VO = 319¢ STANUe CEVIAs = Q60133 (M)

CeBe VELe X=COMPe (M/D): 3Ji6. 273 223 182, 150
RECURDED TIME OF MAXIMUM/ZMINIMUM COLL VOLTAGE (S3)
MAR e QULL2A Wi Rs?7 WU3ISTL «005879 ]
MIN e QU716 w2950 o0& 752 « 007290
COMPUTED NOSE PUSITION AT “AK/“IN COIL VULTAGE (M)
AT MAX Jebil0 VeSl1 Ve 28 lel118
AT MIN Je iV 00735 Qe 995 1:248

RECCRDED COIL PGSITION (H)

0.0 +486 0791 1086
DIFFERENCE BETweEN CUIL AND NOSE AT MAX/7MIN VOLTACE (M)
AT MAX OeVILO Ve 25 J4C33 0.032
AT HMIN D+194 Qe 24i® ve 2GS Ol 02
173
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SHUY 57 € 10 APRILs L1979 NGs &6 )

SANDS URYe DENSLITYI1538¢ KG/M083¢ APPROACHING VELOCITY: (98. M
PROGJECTILE: SOLIU STEP-TIER MASSIGe808: KGo D%0eG2 Me L=04238

X+-RAY STATION asveccosse NOoL NQo 2 NGe 3 NQO. o NG oS

TIME (SECONO) ecevesnsee 000279 001422 003030 +0095%IKk «COBA,
CENTER OF GRAVITY POLATION (M)
HCRIZUNTAL ovcovcccnes =LoGHY7 Jel A7 GoASs ' FY-1-X Y QeX0
VERTICAL so0esseccovee 0ol vells velld Call9 velae

INCLINAT ION ANGLE(OEG) lev 1e¢0 SeG 80 §GeS
SEPARATION ANGLELDLGREE)
ABUVE ecoccsccocsasee see8 Je S deS L.t} le?¥
BELQW eenvesvvssscvee H8SN ®eS 5.0 (12 2] | %

NOSE WIOTH (M ON FlLMleo LeV250 Le02IV VeV2I JeC249 0.025C
NOSE PCSITION (M)
HCRIZOKNTAL ocevesencees (oGID Qe239 Qea77 Q783 1054
VERTICAL ecesecasscece OColul Qel iV Cello QeldH Celbe
INPUT NOSE PCSITIUON (M)
HLCRIZONTAL cecsecvnnce 02034 Qo26l 0489 Cu774 14032
VERTICAL cevvercornece =00121 “Velll =UellLU =~0e080 =0s044

NOSE VELe Y~-COMPo (M/S)3 Te Ge Oo 12
COEFFLCIENTS OF CUBIC PULYNOMIAL/STANDARD DEV!A?
0elUOHE 00 GeCITTE Gl =0 e4550E 03 0.614%E 05 / 0-0009 (M)

NOSE VEL e« X-COMPe (M/S): 180 162, 139 169, 790
COEFFICLENTS OF (UBIC POLYNOQWIAL/STANOARD DEVIATION
=~0el3I29C-C1 CelBA2E 03 ~0479088E U4 0Oe13IBBE 06 /7 00,0098 (M)

NQOSE VELe DIRECTIONIOCG) 201 2e 2ot 4,0 8.5
SEPARATION AMGLEFDLGREE )e RELATIVE 70 NOSE VELOCITY
ABOVE esorvisceeoscens LX T 3 440 1e9 [T 1] ] -0ed
BELUY cocevecseososvvese [ TR T 3.6 S¢6 '] 3] 3.1
CeGe VEL ¢ V‘CO“PO (H/8) 2 B8 e LYY 14,

COEFFICIENTS 0F CUBIC PULYNOMIALZSTANDARD DEV(ATXON
0e9773E-01 0.0556F UA =0e2064E 0GA& QelB34E 06 / V0007 (M)

CoeGe VELe X~CONMRe (M/SPI 179 162o 139. 109« 79
COEFFICIENTS OF CuBIlC POLYNOMIAL/STANDARD UEVIATION
“0eldBLIE GO0 QelEIBE 03 ~Ce7bSBIE 08 0,1298E Y€ / 0 C099 (M)

PONCELET ORAG CUEFFe = 1 o604
VO = 139« STAND, UEVIAe = (0167 (M)
CeGe VELe X=COMPs (M/S): 190G 165, {39, 113, 92
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SHOT %54 ( 22 APRILe 19706s NOs 1 )

SANG: ORYe OENSITYI1SIbe KG/MB3 § APPROACHING VELOCITY: 334, M/S
PROJECTALE: SOLIVU STEM=TILR MASSIU«S04T KGs Du0002 Ms L2028 M

X+RAY STATIUON oevecsncee 40 & NOe 2 Qe 3 NQO«4 NQeS

TIME (SECOND) cr000c00e 0000127 «000T8U JUGLID7S ,003404 ,L08100
CEWTER OF GRAVITY PQSITIOUN (M)
HCRIZUNTAL esonvecscvece —Lal9l Q +0 60 0.381 Oeb43 0e91H
VERTYICAL ossecscsoceer Uau9S vovs8 Vell2 Jel0& ve iVl

INCLINATION ANGLE(OEUGU)e Qe Qe Qe ~1e¢0 -2e¢5 ]
SEPARATION ANGLE (DEGREE)
ABOVE reecorvsosssnve 88N 3o 0 2:+:8 seEe 209 )
BELUW oseo0sevencscrccce T X1 6685 40 S 540 :

NOSE wlDTrt (M ON FILM)e velR0U Lel230 V0280 000280 060240 Y
NUSE POSITION (M) :
HCRILOMTAL oceevcscene VeIl veldVd JeB03 QeTOHS 1036
VERTICAL esc0ecasvsesne VaslsH ve L9 0e102 el 2 Get G2 1
INPUT NOSE POSITIUN (M) ;
HCRIZUNT AL esadsesoce Ve029 Ce2095 Nad9? Una?50 L.018
VYERTICAL essevnvosses ~Yel3l =ueldd «0el20 <=Cel2¢ =~GCeleC

SE VELe Y-CUMPs (M/S5)3C Te LY X =0 Qe
CU‘FF!CltNTb QF CUBIC POLYNUMIAL/STANDARD OEVIATION
OeFACTE=VUL De7207E 01 =UIVYTTE & Ul TISE 06 /7 VeVCO7 (M)

HOSE VelLe X=COMP, (M/S)3 403, 266« 212 170 153.
COEFFICIENTS OF CUBIC POLYNGMIAL/STANDARD DEVIATIOM
Ve JUSUE=UL 0Ve3ll3t 03 ~0e3136E 05 CoZ2VU70E 07 7/ 00C88 (M)

NOSE VELe DIRECTION(DEG) 1ed | Y] Qe l Ce2
SEPAKATIOUN ANGLECUVEGREE ), N&LATIV: TO NOSE VELOC[TV
ABOVE osonececsccccesnse e Qed) 29 (11 1 $e2
OELOW esscevecvcosoan .ﬂ“ Se S Je & (11 23
CeGo VEL e Y-COMPy (M/S) S -2 LX) 2 Y 3o

COEFFICIENTS OF CUBILIC PULYNOMIAL/STANDARD DEVIATION
0eF42YE=01 Ueb2IVE Ui ~UI423E C4 0,1385E 06 7/ Qe00CA (M)

CoGe VYELe X=COMPoe (M/S): 303 266, 212 170 153.
CUEFFICIENTS OF CUplC POLYNCMIAL/STANDARD OLVIATION
~0elILOE UU Ce3llZE 03 ~0eJIIBE US GQelO7HE 07 7 00,0088 (M)

PUNCELEY DRAG CLEFFe = o913
VO = 212¢ STANDe DEVIAe = L0088 (M)
CeGe VELe X-=COMPe (M/S)3 311 267« 212. 170, 137

e e —— Ay S A T g o WS W T L 4 O PP BT i ey e W N Do ‘:'(m - "‘ -3 “’-_1

RECCUKRDED TIME OF MAXIMUM/MINIMNUM CCIL VOLTAGE (S)

: MAX «QUL1SS oLUCL916 Wl 9A « 005516

i MiN eUOCTAS oG L9y I LY-1"RY 2 Q0OTNTS

1 COMRPUTED NOSE POSIT IUN AT MAX/MIN COIL VOLTAGE (M}

f AT MAX Qe 037 Ce 0% V782 1100
AT MIN 'TY{"1-] e84 0990 1355

! RECORDED COIL Pusuluu (M

! Veb86 Je810 1,086

! DIFFERENCE QETUEEN COUIL AND NUSE AT MAX/MIN VOLTAGE (M)

¥ AT MaAX Ce0U7 ~Q0e0C1 -Je G268 Qo018

} AT MIN vel2VS Ue )98 G180 0269
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ST Sy { 22 APRIL. 19764 NO, 2 ) |

SAND: DRYe DEWSITYILS538es KG/MEB3; APPRGACHING VELOCITYS: 33%. M/S :
PRUJECTILES SQLID STEP=TIER MAS5:0e5049 KGes D50Ge02 Ms LB0e238 M : ;
|

X=-RAY STATION sceeosese NQ. 1 NCGo 2 NQe 3 NOeo NO«S

TIME (SECOND) scocenvsees 200017 4GQO795 4002050 003491 +00%69%0 : i

CENTER OF GRAVITY POSITION (M)
HMORIZONTAL seevsensne —~UeCUl GeQ97 Qe 396 Ce6AG Ce989 R
VYERTECAL evevceavsoseee Vel velu8 velQ9 UellS CeicCH ;

INCLINATION ANGLE(UEG) e Cel OeS -1e0 -3e95 -4¢9S
SEP ARATION ANGLE (UEGREE)
ABOVE eceoceensencscsrnee B8Ex [T 3¢S 209 2¢8
BELOW oceeseceecevecse SHEX Ge S5 5.0 (. TR . 4

NOSE wWiDTH (M ON FlLMIe 0 ¢0280 Gc0230 040220 000220 040: 4¢

NOSE POSITION (M) ) 3
HORIZONTAL eesssesese Oslal Qe2!8 0518 U802 lelll
VERTECAL venrsecccvens Ve JLG Uel09 Je107 O0elO? LeUDE

INPUT NUSE PIOSITIUN (M)
HCRILONTAL seeesasees GCela2 Ge217 Q0eS17 QVe798 LelC9
VERTICAL wvrocoocseece =0all6 ~Uell2 =GellI =Dall3 =-YelZR2

TSy

NOSE VEI.o Y=-COMPs (W/S) 2 Qe le ~20 -1
COEFFICIENTS OF CWBIC PQLYNO“IAL/S?ANDARD DtVIATION
QelUSIE OC Qeli6UE Ol ~UewBIVE U3 =V2998E 08 7 GoVOLT (M)

NOSE VYEL » X=CONPe (M/53)2 277 257 219, 175, 1CSe
COEFFICIENTS OF CUBIC POLYNOMIAL/HTANDARD DEVIATION
0oSTATE~U2 UeRBUZE €3 ~0,ie%9E G5 -0.90062E 05 7/ 00016 (M)

NOSE VEL ¢ DIRECTIUNIDEG) Ned 3 «0e¢0 =07 ~3s2
SEPARAT ION ANGLEC(DEGREE de RELATIVE TU NOSE VELOCITY 4
ABOVE 72000 :-cececeanse SNEE Ge3 4eS Se3 3.3
UELOUW ceoosecssonncer 1 x1} Ge7 L YY) 32 Se?7
1
CoeGe VEL > Y=COMPs (NK/S): ~Qo 20 3e 2e -

COEFFICIENTS QF (UBIC POLYNUMIAL /STANDARD DEV!AT(ON
Qel062E D0 ~0e1008E Q1 O0:2105E U ~0e3305E 06 ~ L0018 (M) 1

CeGo YELe X=COMPe (M/S)3: 276 257, 219 178, 108,
COEFFICIENTS OF (CUBIC PULYNCMIAL/STANDARD OEVIATION
=~0al163E GO0 OQeg8UIE U3 “Qe1451E CS ~0e9933E 0S5 7 040016 (M)

o —— e SRR AL N TU DY A S P ot 4 G g @ ' . .

4

PONCELET DRAG COEFF,: = 106067 i
VO = 239¢ STANLs DEVIAS = 040276 (M)

CoGeo VEL e X~COMPs (MsS): 314, Q73» 219 179, 140. 1

i

RECCRDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)

MAX ¢« Q0606 sUCL1916 «0923500 «00SA806

MIN «J0UT29 « 003006 «004839 e COT205
COMPUTED NOSE FUSITION AT MAX/MIN CUIL VULTAGE (™)

AT MAX 0023 0 .458 0.80% 1087

AT MiInNn Oe2uS 0713 440190 1233 i
RECOQRDED COIU POUSITION (M)

0e¢0 0+.480 G.810 1086

DIFFERENCE TwtEN CUOIL AND NOSE AT MAX/MIN VOLTAGE (M)

AT MAX T GelL GeGGZ ~0a006 Ge001

AT miln I Qek0S Ce 227 Ge 200 QelA7 4
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{ 22 APRILs 1976¢ NGe & )

SANDS DRYs D:=NSITYI 15386 KRG/ /MEN3 | APPROACHING VELOCITY: J336e¢ M/5S
PRUJECTILE: SULLID STEF-TIER MASS (U oD636 KGe DaWeC2e My L202238B M

X=RAY STATION ocesvesver
FTIME (SECUND] eveeevcee

NOa i NUe2 NO«3 NQed NOeS
sV0VIG0 »uCi 783 2002050 0603509 «C0ST1A

CENTER UF GRAYVITY POSITIOUN (M)

RLRILCNTAL esssccess
VERTICAY. s¢0ccecccnes

INCLINATIUN ANCGLEC(DEG) .

SEPANMATI TN ANGLE (Lt GREE )

ABUVE eecevrvasrroesne
LELUY coscesescvecnas
NOSF wloTH (M UN FiLM)e
NOSE POSLT!ON (M)
HCRTZONLTAL vcevessven
VERTICAL svesesseonee
INPUT NOSE FOSITILN o M)
HORIZONTAL asvessesmec
VERTICAL tececvsscev>

NOSE VELe V-COMPe (M/S5)3

“velb?7 Cell8 V+388 Va6069 Ve?T73
Ve I LT we lG3 velQS Jalkll Cs108

Veu ~0a5  =lo8 -8e5 -4 2%
Ty Beu 6e0 &aC 20
[T XY Bev TP C B8e0 Qev

w250 WelZJI 002330 0Qe0230 00235

Vel 35 Vel JeSilV 0790 1098
CGadU? el 2 QelQ2 JelGa e 099

Ca2044 ve2d7 GeSO? Qe 783 deQ86
“D9ellb ~Cel20 =0al280 =00120C ~0.12¢

~8e -8y Goa le -

COEFFICIENTS OF CUBIC POLYNOMI ALA/STANDARD DleATION

JelUTSE 00 -GeBATIE 01
NOSE VEL ¢ X-=COMP. (M/S):

Vedl26E U4 -0eJQIVUE 06 / 00017 (M)
284 e 26¢ ¢ 215 1n 1CQRe

COEFFICIENTS OF CUBIC PUILYNUMIAL/STANDARD DEVIATION

=0 e329Y5E-02 Coesbd9cE VI

NCGSE VELe DIRECTIUN(DEG)
StPARATION ANGLE(DLGREE)
ABOVE eeeececrsvesoase
BELUW s0¢0000s000000s

CeGe VELe Y-COMFo (M/5):

=ColYWIPE US Ve4221E 96 / 0¢0GLO (M)

=leb Qe o0 Ced =3el

s PELATIVE 70 NO SE VELDC[TV

[T XY Teb TeS 8.8 3e b
(1.1 2] Bed S¢S de2 6e6
- -3 4o &, ~10e

COEFFICIENTS OF CUBIC POLYNUMIAL/STANDAKRD DEVIATICN

VelVBIE V0 ~UVedvl3E 02
Cobe VEL» X=COMPe (M/3i 2

0eS5343E 04 -V«62S2E 06 7/ Q00007 (M)
284 . 260 216, 169, 109«

COEFFICIENTS OF CUBIC PULYNOMIAL/ZSTANUARD DEVIATION

~Q0el272E 00 Goectt9% 03

=00 iF26E U5 CeAUTOGE 06 7/ Be0QOL1]) (M)

PONCELET DRAG COEFFe = 14615

VO = 2106s STAMLe LEVIAS
CoeGe VELe X=CCMFe (MrS5) 2

B (el221 (M)
2iTe 274, 218 173. 134,

RECORDEC TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)

MAX +00V1i V9 0OV 19 2S
2002957

MIN 200065y

e QU3B03
2004944

« 005767
2007491

COMPUTED NOSE PUSITIUN AT NAKI“IN COIL VOLTAGE (M)

AT MAX 0-0&6
AT MIN

ad
RECORDED COIL POJITIUN (Ml

Vs 88 vaB8B0S lelf)
0.693 1+0CH Le284

486 81¢ Le 086

DIFFERENCE BETUEEN COlL AND NUSE AT MAh/MlN YOLTAGE (M)
AT MAX vev2¢ -Je0uU2 ~0+004 0.015
AT MIN Gelus 0e207 velvae 00168
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SrHUT o¢ W 22 APRIL. 19764 NOe S )

SANC: ORY, DENSITY2IS38c KG/Me83] APPROACHING VELOCLITY: . e N/S
PROJECTILES: SOLID STEP-TIER MAS5:0 5633 KGs D=0,02 M, LEge.238 M

X=RAY STATIUN eecooacee NCol NQ¢ 2 NQe3 NQet NQOe o

! TIME (SECOND) saservees aliUAZT7 »v0L6BI eJVIBAG SQ002702 «LCA0LH
‘ CENTER OF GRAVITY POSLVION (M)
HRCRLLZONTAL sevonevose ~Q0e077 2l V7?7 0379 Qeb24 Ge84T
VERYICAL se cesoneoscoas UelLd wolvo velld Qel03 Oelle

»

: INCLINATION AMGLE (LEG! s 1e¢d 15 Je8 S¢S 8¢9
! SEPARATION ANGLEL LUe CREE )
AHBOVE seceveeonsccsse Si838 Ye 5 98 90 L L L X
BELOW eececcnscrsccsee (1 T3 5¢%5 Je0 18 (XT3 p
NOSE wiDTH (¥ Ofd FiLNle LebLZ9C VUeO23U JoV23C Vo023V 0Oev220 .
' NOSE POSITION (w2 §.
! HURIZONTAL «svosveece UVoléd 0 0228 weD0} Qe?786 GCe968 ‘3

VERTICAL sacve vivecses Volud veluy vells Velld Vel 33 3
INPLT NUSE PUSITIUN (M) ;
HORI LONTAL soecvecees Urua? Vell9 J o 496 O0e732 Oe¢ 950
VERTICAL essvoevcecave —0sdl®d =0elll ~Jel08 =0el05 ~-0.08S

NCSE VELe Y=COMFe (M/S) S 1&e Soe Be 28«

LX)
COEFFICIENTS OF CQublC PULYNOMIAL Z/STANDARD DEYIATION
Ve lLAZE OO VeloS0E U2 =Ge78Z2E U4 Cal8SSE 07 / 04C01S (M)

NOSE VELs X=COMFe (HM/5) 344 Jl2e 258 203 139,
COEFFICIENTS GF CUdIC POLYNUMIAL/STANUARD DEVIATION
Vo lb33E-U2 UedBlub 0J =ULed9IvE US Le4T10E 06 7/ 00019 (M)

. aag— e e e e

NUSE VELs DIRECTEUN(LEG) 2600 Qew ved 19 9.8 )

t SEPARATION ANGLESLEGREE )e RELATIVC TU NUSE VELCCITY 3}
AGQUVE eesvsscsevecvec CERe Qe 6e2 3G x&ks

: BELUY sneessscesseses sugw Geow Ge3 S¢S LA L

CeGe VEL e YCOMF. (M/S) ¢ 12 3. -3 Coe 224

CUEFFLCIENTS UF Cuulslc PULYNUMIAL 75 TANDARD DEVIATION
‘ CelOIZE QU DeloabWl 02 ~0CeC013E 04 velT%CE 07 / 0eCCLCB (M)

!

l Cebe VELe X-COMPe (M/S): 84 312, 259 206 180, -

' COEFFLCLENTS UF (UL IC “OLYNUMIAL/STANDARD DEVIATYION
! U elZ2udE 00 JesSlubt U3 ~vedSIBE U5 LedOLOE b / CelC20 (M)

PONCELET ORAG CCEFFe = leb27
VO = 25%e STANUe UEVIAe = Lev2UU (M)
CeGoe VEL e X=CUMIe (M/5}) 3748, 321. 259 213 17%. ;
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SHOT €4 { 22 APKILY 1S76¢ NO. & )

SANC ' ORY;, LENSITYI1S538e KG/MPe3; APPROACHING VELOCITY: 415, M/S
PRUVECTILE: SOLID STeP=TIER MASSiveS5h33 KGs Dn0el2 My LZVe238 M

X~RAY STAT!UN eevecscece NUe L NGec NQOs 3 NOo & NO«S

Tlimk (SECONC ) coeosvesvee eul01l6ed cu0UEBI +vlUITIUB JuD3UBA JCCATGB
CENTLR QF GRAVITY POUSITIUN IM)
HCRIZONTAL vacesceeee =Vel7} veluy 00396 Oe711 Ce989
VEKRTICAL cocecocvvcese veluz velue velO& Jells et 36

INCLINAT JON ANGLE(LEG) . ce5 3+5 © B8e0 1185 115
SEPARATION ANGLE (ULEGKEE )
AQUVE seceessvesesnes S8t lGew 1200 1260 1100
BELUW ecevvsecnsectcce sEES deu 1eS ' e leb

NOSE BIDTH (M OM FllLMbe veuisC G(el23u 00230 00230 0.0230
NGUSE FUSITIUON (M)
HOCRIZUNTAL occcsosnne ve(b1 Jeddl VeSio veB31 lellB
VERTICAL e ecveocacoscce Ueslu? veidl Gelll velldn Cel 61
INPUT NOSE POSITIUN (M)
HCRIZUONTAL eweasecvee UelbSe veldl veSliae 0.83¢C el
YERTICAL vez2000000000 ~Ueldld =0elu9Y =0e0%98 =0,Q78 ~-0.0%2

NGSE vile Y=COMKe (MsS)3 6o 11 13 13.
CGEFF!C!ENTS OF CubicC POLYNONXAL/STANDARD DEVIATXON
QelCBIE GU  VeDIGUE O1 (U2ad34E C8 Ge2U63E 06 / GelULOS (M)

NUSE VEL e X=COMPe (M/S): 341}, 3lae 258 195, 131
COEFFICIENTS OF CuUBIC PLULYNUMIAL/STANDARD OEVIATIDN
OelBLIE~-D2 VeIWYVE Q3 =GCec920L N WBSL9E (O 7/ 0eNL&O6 (M)

NOSE VELe DIRECTION(LEG) levu +5 25 3.9 S.4
SEPARATEICN ANRGLE(UEGHEE ) KELATIVE TU NUSE vYELOCITY )
AHBUOVE cececeseosseceie (2 X2 He Do O Qe Qe9
BELDY ocsceccccccsvnoe L3 3] Ge v Tal 8e 6 7ol
CoGs YEL o Y-COMtg (Mr3)2 =00 ie LYY Qs 18,

COEFFICIENTS OF CuplC PULYNUMIAL/STVANDARD DEVIATION
QelV2IE 00 =Ce®lbVE V0 QGobUTVE 03 CelSTTE 06 » OeUlLLIE (M)

CoGe VELe X~COMHe (M/S): J82. Ji2e 259, 196, 131
COEFFICLENTS OF CUBICL PUOLYNGCMIALSSTANDARD DEVIATION
=vel2VIE 00U CQed0OVYWE LI =0e2062E (5 D8IZ28E 06 /7 G.0C44 (M)

PONCELET DRAG CCEFFe =3 14811
VO = 259« STANLe DEVIA L 2 049216 (M)
CeGe Vil o X~COMPe (M/S): 2708 327« 259 203, 160.
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’ SHUT o4 t 22 APRILe 1976¢ NOo 7 )

SAND: ORYe CENSITYIIH368¢ KG/MER] ; APPROUACHING YELOCITYS: 409 W/S
PROJECTILES SOLAID STEM=TIER MASSIV 5633 KGs DZ0Ue02 Mo LEUa238 M

X=RAY STATION senseeove NOe NQe 2 NOeJ NGed NGeS

TIME (SECOND) secvoosnee cCLUUIAS «00COHTR 001693 203100 »0CABLL
CENTER QOF GRAVITY PCSITION (M)
HOKILUNTAL ossensvseeece ~LolbL Veuw99 U386 Je708 Ce978
VERTICAL o veenscevee WelUSS veus8 v 2099 Vel 02 Oet22

INCLINATION ANGLE(ULEG) . Lew 1.5 SeC 106G 9«5
SIPARATION AGLELLVEGRER)
‘ ABUVE eo0ee neonsences L 1] Be 5 70 13.0 110
i BELUW censeccnseccsvasns e sRR - T%-] 45 2s 4 lc?

| NOSE WIDTH (M CM FILM)e Ve02%0 GCeidI0 04023 Ca0z2% 0Qo0220

NGCSE PUSITION (M)
HORIZUNTAL oses000cese Uoude Ve2&l Ge508 Veb24 1.098
i VERTYICAL esecococssene Ve LS? VelUl 0109 Qelld Usla2
INBUT NUSE PUSITIUN (M)
HURIZONTAL ccscososcse 0OaUSI Qozsf Qe500 Q0.822 1094
|

VERTICAL s290c00cs0s0ee =0.128 <=vals -Galll =0e0%5 ~0eC7S

NCSE VELe Y-COMPe (MrS): Te Be De 10e 11
COEFFICIENTS OF Cueblc PULYNUMIAL/S'ANDARD DEVIATION
VeSBOUE-OLl UebY0GE Ul OQsOLIVE (3 —0e5S642E 08 7 0+0002 (M)
NOSE VEL « X-COMPe (M/5): 350. 21Ce 257, 191¢ 137.
COEFFICIENTS OF CUBILIC PULYNUMIAL/STANDARD DEVIATIUN
“0eBOIDE=02 GeISYHE UJ “ULeIW29E U5 LelSIGE 07 7 040034 (M)
NOSE VELs DIRECTIUNLDEG) lec S5 2e ) el 4.5
SEPARATION ANGLE(OLEGKER ) RELATIVE TU NOSE VELOCITY
ABOVE sesss0e0s00000e sES N 8¢5 Q] .YR} 60
HELOW eocesesctacccaces [T T 0.5 Ted 8e 9 GebS
CeGe VEL e Y=-CLUMPo (M/S) 2 b 3 Se 2C,
COEFFICIENTS OF (UBIC POLYNUMIAL/STANDARD OEV!ATIDN
Ve9I0AE-UYI VeTOURE Ot =0 e3046E U4 (eBBI99E 06 7/ 004605 ()

I CeGe VEL e X=COMPo (M/S)3 349, 316, 258, 1926 135,
! COEFFICKENTS GF CUBIC POLYNUMIAL/STANDARD DEVIAYIUN
=00 1305E 00 Ue3SWUE U3 -UeI3S50E L5 velGL7?E 07 / GeOU36 (M)

PONCELET DRAG CUEFFe = Le917
VO = 258¢ STANLe LEVIAe 2 LeGlT74 (M)

CeCe VEL e X~CQOMFe (M/32): 383 J29e 258 199, 155.
RECURDED TIME OF MAAIMUM/MINIMUM CCIL VOLTAGE (S)
MAX o QUVIce sbuidad 2% 72 e VU0QT70
MIN eV 0LHO6Y elwdia? WY ST Y.) « 006124
COMPUTED NOSE PUSITIUON Al mAXZ/HIN COIL VOLTAGE (™)
AT MAX 0045 Vet 97 Oe798 10968
AT MIN Oe2i? Vel 1003 1261}
kECURLED COIL PUS'TXDN (M)
ol Dea80 Je Bl e 086
UIFFERENCE BbTﬂh!‘N COolL AND NUSE AT ~AX/"XN VOLT AGE (M)
AT MAX UVeQ3d Cevll -Qe012 0.008
AT MIN Vel 7 Qe2sh vel9Jd 0175
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NOSE VEL e X~COMPs (M/S): 348, Jise £57, 193 184,
COBFFLICIENTS OF CUBRIC PULYNUMIAL/STANDARD DEVIATIUON
~Qe26UYE~UZ Coa5BHL (3 ~0eI0UBE (5 (0el162ZE OT7 7 060022 (M)

r
b
q
SHUT 68  ( 22 APRILs 1976, NOe 8 ) 1 {
|
< st N
SANC: DRYe DENSITYISSOU e KG/7Me2 I APPROACHING VELOCITYS: 4C7, M/S ,
PROJECTILE? SQL:D STEP-TIER MASSI0eDO6IL KGe D70+02 Me LWGe248 & :
X<RAY STATIUM sscsessse NUel NO. 2 NU. 3 NU.& NC. S i
TIME (SELOND) ovecanves «VLULISS V00093 +00ITUD 0003121 «GUABOS :
CENYER OF GRAVITY PUOSITION (M)
HORIZONTAL recscevees ~0es07¢w Veld l0 Ved96 De713 0993
VERTIGAL es0eseeccsses wvaelluy velud Vel 0«08 Oelll :
INCLINATION ANGLE(CEG) S Qew Le0 GeS ~3e0 =35 i
SEPARATIOUN ANGLE(LEGREE ) 4
ABUVE ovov00ecnssvsnes Féo 1LY 6e93 -1 2090 R/
BELUW ososeess0evvcnsse Stas 65 4.5 4.5 00 N
NOSE wiIDTH (M ON FILM))> 0eU250 vaeu238 0240280 0.0230 000230 :
NOSE PUSETION (M) b
HORIZONT AL evceccceoe Je052 Ce232 JeS48 Q.835 1.1198 [
VERTICAL oceeev sosccece Vol Velda Jel¥s el 6 GelO3 S
INPUT NOSE PUSITION (M) “
MURILONTAL eseaceseee UeuSS GeR32 veS51S Q0835 lel il \
VERTICAL oenveccecccces =0Uolidd ~uellt ~0el118 =Qell1T <«Celld %
NCSE VEL» Y=CUMP, (M/S): e ~le -2, :
COEFFICLENTS OF CuBlicC PULYNOMKAL/&YANDAQD DEVIATION 3
0e5963E~VUL CeBUOTE DOl ~CelldIE V& 0«59FUE 05 7 0VWI0EI7 (M) i
:

NOSE VEL > ODIRECTION(DEG) Q7 Ce 3 ~Ge 2 ~0e B
SEPARATICM ANGLEIDLGKEE )e RELATIVE TU NUSE VELOCITV
ABUVE osss0000200sa0se L X X 706 6e3 Ge3 b7
BELOW ecectnosccororene nEe Se ¥ 47 307 3e 3
CeGo VELe Y~COMP:e (M/S): 20 2e 2e 2e

COEFFICIENTS OF CuBiIC POLYNUH!ALISTANDARD DEYIATION
VelOUIE 0OC 0Qe2I7%E Q1 OVelVQUE (2 =CeluTSE 05 7/ UevC2%5 (M)

CoeGe VELe X=COMHe ,PM/S)E 348, 3le, 257« 194, 144,
COEFFICIENTS OF CUBIC POLYMUMIAL/STANCARD DEVIATION
~0eldVBE O 0VeISBYE LI ~UsIGULBE US UslO26E w7 / 340018 (M)

PONCELET DRAG CUEFFo = GeH26
VO = 2570 STANLe ULEVIAG = QeCL33 (M)
CeGe VELe X=COMFa (M/sD): 378, 35 257. 199« 187«
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SHOY ob ( 2« APRILs L1970+ NDe 9 )

SAND: DRY, DENSITY 1538, KG/7MPe3 3 APPRUACHING VELOCITYS 586, #/S
PROJECTILES AsMelnte MASS U oL 28 KGe DZ0602 Mo LuIeOTCL M

X~RAY STATION eeccvvnoe Nae l NU. 2 NOed NQeo NDWS

TIME (SECOND) eosccecee euW0 128 #0LO01158 007981} » 02C000 100904
CENTLCR OF GRAVIIY PUSITIUN (M)
HCRIZUNTAL eccsvcevecse Vel b2 Dedd? Jed95 184839 190144
YERTICAL sessvcsecncesse uveBHB Veull Je 0SS 184121 18121

INCLINATLION ANGLE(DEG)e ~6ov -4900 Ty YL Ty Y Y nENE
SEP ARATION ANGLE (LEGREE )

ABUVE eococnssssscoce Bo¥¢ (Y11 Tene nEGS B *
QELDOW seseecvencovnne (1% 1 sexw “nse LTI YY e
NUSE wlDTH (M ON FiLM)e Qo0 206V 0e0235 VeGR40 ¢ABEES BUT4.¥

NOSE POSITION (M)
HCRIZONTAL oeseecresne 0e(062 Je267 0395 1686839 19144
VERTICAL ossscessrasees Velbd ved?7l Q085 18121 i8¢l &}
INPUT NUSE PUSITION (M)
HCHIZONTAL cesvescese Ual0Y Ge276 Ce3GT7 SeReS3 BRAREE
VERTICAL eccccsevcesnne —VelB0 =Usl50 =077 SCEQ BE SRR EN




s o g e R s ST, I T M TR Y AT Y OO Y ST Y T TR R A

SHOT &Y { &2 APRIL, 1970, NO10 )

s SANEG: DRYs DENSITYIIHIBe XG/MERI ] APPRUACHING VELUCITY: 8780 M/S
PROJECTILES AeMeMe MASIaVeUBLYE KGo D3UR2 Mo LEB0eUTY M
X=RAY STATION ceovescove N(ui NQOe2 KCe3 NO & NO«S

~

TIME (SECOND) eneveresvn oull0let 5003180 LJQT981 920000 100000
CENYER OF GRAVITY PLSIYION (M)
HLRIZIONTAL osescvensen GelOB Ve248 1.7 3 18839 19.148
VERTICAL oevocesncesee QuQ8d wel 69 00062 184121 18+ 12%

INCLINATION ANGLELDEG)> “Tel o-1-T'% ) et ' e e e

-

SEPARATILUN ANGLES vk GHER )
ABOVE eoesnccocoscenser Qow (T T Y rhG" [ 11 7] sEER
BELUN esesnccornnsssew f&ew sup e syee s e

NUSE wiDTH 1M ON FliaM)e Qewebh 000240 QoG240 €Ss¥een  Sstbsd
NOSE PUSITITIUN (M)
HCRIIONTAL ecoeneesense Uoeubh 0.&8 Qe36h 18,839 19.144
VERTICAL osvses0secee VUoW86 Covb9 QeG62 184322 180121}
INPUT NOSE PUSITION (M)
HURILONTAL nocvovsvese G073 Vel S2 Ce33Q GeREER KPP ¥RN
VERTICAL ocovencvsnccus ~Qel@@td +«0elBU =~0sl68 SEB88868 AIREEe

. g T S ey -
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SHOV 64 { 29 APRIL,e 1970+ NOs 1 )

SAND: WET, DENSITYI 2080 RKG/MeSI; APPROACHING VELOCLITY:

gt Pou b dute g -2 oie AS

357« M/S

PROJECTILE: SOLID STeb-TIER MASS $L 050608 KGe D=0eu2 My Lu0e238 M
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COEFPICIENTS OF CUBIC PULYNOMIAL/STANDARD DEVIATION
“0e1079€~UL 0e3258z 03 =UelA3UE G5 CeiOB2E O7 7/ 060031 (M)

NOSE VELe OIRECTIONIDEG) Jel 254 Oeb 0.2 36
SEPARATION ANGLE(UVEGKEE)e RELATIVE TOU NOSE VELOCIYY
ABUVE es00ccvescecene ssen 106 ¢ Te6 Te? L L]
BELOD ocevoevsessscirve yees Ted 6e8 Tel sees
CoGGo VEL e Y=COMP, (N/S): 19 12o e -So Qe

COEFPLCIENTS OF {uUBIC PULYNIMIAL/STANDARO DEVIATION
DelAQ7E 00 OelluSk 02 ~Ce0193E 06 0e5949E 06 7/ 0.0002 (M)

CoeGe VEL e X=COMFe (M/S)2 318 2870 235¢ 1876 153,
COEFFICIENTS OF CUBIC PULYNOMIAL/STANQARD OEVIATION
=0 sl2T8E 00 0e3251E UI ~Ue2832E G5 O041080E€ 07 7 040030 (")

PONCELET DRAG COEFFa. = 14017
VO = 23%, STANDe CEVIAe = D.007TY (M)
CeGe VELSs X=COMFe (H/S} 2 328 28% e 236 191, 187
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SHOT 76 ( 26 APRILe 19760 NO. 2 )

SAND: WET, DENSITYZ203Sue KG/Mee3 ABPPROACHING VELOCITY: 406 M/S
PRGJIECTILES SOLIL FLAT NOSE MASSIuveb4ad KGs DEDe02 Mp LBUL223 M

X=RAY STATION eseeeneceo NOe !} NOe2 NOe3 NGeos NOS

TIME (SECUND) evesesecse o00LIZ23 0000655 UOITLS 002991 004826
CENTER OF GRAVITY PQSITION (M)
HURIZGNTAL sscssscsse ~QeU7C vellds Vb6l J.811 1877
VERTICAL sesccoccssone Ueil0 Vel 30 veld? 0el38 «setss

L e g TmAR A g P

INCLINATIUN ANGLE(LEG) o Qe Ue O Qe 000 Qa0
: SEPARATION ANGLE ( DEGREE )
- ABOVE eeescscovecsvnse 20V 130 9090 90 soEs
' BELUYW esvesvessesnessaae 20 e 1440 940 840 8o

; NWUSE WIDTH (M ON FlLKN2e VelZ60 VevZay 0e023C 00240 00,0240
; NUSE POSITICN (M
MCRIZONTAL essccseeecs Lol4al Je248 GeDT6 Qe924 1290
VERTICAL ececcesssoss Qe &0 00l 30 00137 0el38 Sunsss
. INPUT NOSE PuSITIUN (M)
{ HCRIZONTAL osevevrvoces Qo003 Ve2%2 0.%582 Q0e¢961 1320
N VERTICAL eevessceensce ~Uel09% “uoev8T =UeLT9® <=Qes0T7TT #se3Ibw

NCSE VELe V=COMPe {M/5)i00esn se8sS seaee LI L L e
COEFFICIENTS OF CuUblC PULYNUMIAL/STANODARD DEVIATION
c0e252U0E 98 Cel&ULE UB ~UeBRB4E )1 0a.27B1E 13 / sssses (n)

NOSL VEL e X~COMPe (M/SET 379 I5C » 29%. 237 168,
4 COEFFICIENTS UF CuklC PCLYMNUMIAL/STANOARD DEVIAYION
c0eAM2BSE~UI TeIYLIE 03 ~LaZBOSE US Oe8356F 06 7 00109 (M)

. NOSE VELe DIRECTIUNIDEG) 90,9 SCe «9060 90+ 0 90sC
' SEPARATICON ANGLE (DekEE ) e RELATIVE TU NOSE VELOCITY

: ABUVE oeescoescsevsoosnsove sesY LE L2 suss 99,0 shs e
i BELUN eeesvencvecceroe ses " suss 9940 sses (221

CeGo VEL e Y—COMPe (M/50200888 L1312 Sl sasts sasee
CUEFFICIENTS OF (UBIC PULYNOMIAL/STANDARD DEVIATION
~0e2520F U8 Jeh4Lit 08 ~0e1264E 1L Ve2TELE 13 7/ ¢sssne (%)

CeGe VEL e X=COMPe (M/5)3 379 3Suve 298¢ 237 168
CUEFFICIENTS OF CuBlC POLYNOMIAL /75 TANDARD DEVIATION
—0ell3QE 00 CoeJUOGE UJI ~Qe2BT7AE 0 G288 IBE 06 7 000008 (W]

. G e s awe e

PUNCELET DRAG CUEFFe 5 Lovbe
VU = 295¢ STANDe DEVIAe = Uell9a (M)
CnGe VEL S R=COMPo (M/5); 403 359 29%. 243, 194,

KECORDED TIME OF MAXxIMUM/MINIMUM COIL VvOLTAGE (S)

L L LRl T

MAX e JVG093 vesep s 'hri-1-1) «0Q 3711
MiN T - 1Y T YIS L] «eC03 385 + 0048063
H COMPUTED NOSE PLSITION AT MAXZ/MIN CUIL VOLTAGE (NH)
i AT MAX Oeud5 seerte ey Ve8I 1,001
t AT Qo210 (XTI YT L) 1«01 1258

MIN
HECCRDED COIL POSITIUN (M)
UeQ Ve b0 Jve 810 1.086
CIFFLRENCE BETWoEN CUIL AND NOSE AT MAX/7MIN VOLTAGE (M)

AT MaAX Ve035 S9SN veuva9 ~0005
AT MIN Ve2i8 TP NEESE Vel 1} 0el72
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SHOT 77 { 24 APRILs 1976s NGs 3}

SAND: DRYe DENSITYZI1536s KG/MSS3, APPRUOACHING VELOCITY: 242 S
vel

PHRUGJECTILE: FLAT O0=INCH CYLeMASS L elOB7T KGe Dx=0es02 M,y (> 52 M
R=RAY STATION e¢sc0s0e0e NOo } O 2 NQOe 3 NOeo NOeS

TIME (SECOND) cecesccee «¢0CULLIE 0UU780 0V2323 0004522 COBAZZ
CENTER QOF SRAVITY POSIYION (M)
HCRIZONTAL esevcveosees ~uLol0l2 GetlLBI Cel36) Ge8B2 179¢132
VERT ICAL ecoscesvecren Celidvy veldd Vell9 GeC 98 lB.1G06

INCLINATICON ANGLE(CEG). =let Qe -4,60C «8e0 seso
SEPARATION ALGLE (LEGKEL )
ABOVE o000 0cscocccssce sces stk *38% seES L X X 3
BELO® ocessvevocencee ssee (1R *s9w 'S ¥ 3] X2

NOSE wIDTH (M ON FILM)e VelcOU 5¢G240 060235 VUedSU $555.x
NCSE POSITION (M)
HCRIZOUNYAL ecoevcvccee Uesba 00l57 Cedl7? Ce957 191064
VERTICAL 206ccss0ccnasse Gelliy ve l26 Qel23 velB7 18,121
INPUT NQSE POSITION (M)
HORIZONTAL oecevovc0ecee Qo072 Velsd 0« 297 0+987 #s3eny
VERTICAL ecceveovcscoes ~valuv =0 el0P92 =VelH¥S =Delau seRE Sy
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shul 76 ( 26 APRILs 19T70¢ WNOe & )

e S amam = aa

S0Be Ko/MB83; APPROACHING VELOCITY: 242, nM/S

CSANLS LURYs CENSET il
INCH CYL oMASS W o3087 KGs DaLeC2 Mo LulelB2 M

Y
PRUJECTILES: LAY ©

L]
)
i
s
t

K=RAY STATIUN ceocvvece NGed NG 2 NCe 3 NO+® NOS
. TIME (SECUND) oeceveosse sUVGILIT vl é 2062950 305834 010000

CLNTLR OF GRAVITY FLSLITIUN (M)
HCRIZUATAL seasvecasas =0oULY Carluld vedAQs Qe 748 leCWC
VERTLC/'. nsovesconcns ve bag veloo 124129 Vel he Cel?H

INCL INATICN ANGLE(LEG)e  dev 2e5 640 i1eC 165 '

SEHARATIUN ANGLE f ve GREL ) ,
ABUVE veescscsrcosssoe cpes soen s0.0 LA 11.C !
BELOW osnceevssosececor sens L X LY ] 2s0 [ XX 3e v

NOSE wiloTH (M G FlLMle Lebaby Vel Il 0e023 Ce023y D215
NLSE PLSITIOGN (M) f
HLRIZUNTAL sosococsone Vel IT 0el?77 Ged8C 0e822 1169
YLERTICAL escocececare Ve l 26 vells Ce 4 I7 Oe158 Cel9B
i
H

INPUT NUSE PUSITIUN (M)
Jeld9y Gea?72 CeB20Q 11714

HCHEZUNTAL secceccsnns vell )
VERTLICAL eovacocsccscse =velH - o8I ~uelT9 =UeuB33 =~=Ue1S ;

NCSE VEL e Y=COMFa (M/S) e e Se be 12¢
! CCEFFICIENTS OF CUBIC PLLYNLM' AL/7STANDARD DEVIATION

‘ ColiT4E UG Uedwalt Ul Ge3UBUE L3 VelUU3E US / Leuves (M)

NOSL VELe X=COMFre (M/5)3 16D 177, 137, Q8. T76e
CLUEFFICIENTS OF (ubliC FOLYNUMLIALZ/STANGARD DEVIATION
“UedSIVE=UR veiPCal 0J =CelaldTE S VeQ0GTE 06 /7 L ILAG (M}

NGSE VELe DINCCTIUNIDEG) Ueo9 1e2 2.1 ace 340 o
SEPARATION ANGLELULEGREE Do RELAVIVE TU NROSE VELOCITY .

ABLVEL eveececscsosvecvesse a6 111 Gel s e 3¢5

BELOW esecvessccsasssee S839 sose® Se9 ¢ s 1¢e5 \
CoeGe VEL o Y=COM#ce (M/S) 3e S 3. Se 12
COEFFLICIENTS OF CUbIC PULYNUMIAL/STANDARD DEVIATION

Ve lZ2I9E 00 (Le2789%: Ul -061050E VI OeAIQ)E 05 7 040058 (M)
CeGe VELe X=COMP, (M/S5): 195, 177 137 98¢ T7¢
COUEFFICIENTS OF CUubIC POLYN Ml AL/STANDAKD DEVIATION )

“Ue?Y4LE=UL OelYbIE 03 =Gs1209E 05 UAQULTE OB 7/ UeJd1aC (M)

PUNCELET DRAG CUEFF s = 14311
VO 3 137¢ STANLe DEVIAG = 040339 (M)
CeGoe YELe X=COMFe (M/5): 206. 1€1. 137, 103, 7Se

———— s c—_——
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SHuT 79 { <o APKILe JWUT6s NOs 8 )

SAND! URYe DENSITY 13I8 e HG/MIEI; APFRUACHING YELOCITY: 234, M/5
PRC JLCTILE? HOLLUW STEP~TILHMASSIve4210 KG. DBGe02 My L%Je23IB M

%=RAY STATION eessceses NOol NCe 2 LY NOeo NO« S

TIME (SECOND ) ocevecvens osQGUIZS 2LLLEBTO LINZAB2 » 05807 eV 10229
CEWNTER OF GRAVIIY HULSIVIUN (M)
MCREZONTAL ocescescacss ~VUeslbY vwelTJI C e3Py Q0736 1078
VERTICAL cosevseessnoes volkl ve l2b Jel29 Vel 3O (2132

INCLINATION ANGLE(LEGIe =V ed Qe ~leB «540 -%e S
SEP ARATION ANGLE(ULEGREE }

ABUVE esecavescosesaee cRee B8:9% 200 seee 1.9

CCELUY ceecssecvoecscasne vesn Bev 6% (1 L)) 10e S
NOSE WIDTH (M ON FliLbble vel206L Vevddd Debui3y 0.0235 0e0240¢
HOSL HOSEITLIOUN (m)

HCRILONTAL esoseceenee walll vol78 0803 Je84 1L 11863

VERTICAL eessvoecnsess Ueli¥ vel26 wel2d 0el 2?7 Gel 21
11.PUT NUSE PUSITIUN (M)

HURILONTAL eoencesoes Ved il Vel U Oed %3 0841 1191

VERTILAL evoeceoscssess =vellt e e0U2 =092 <—Lev9] ~Ls097

NUSE VEL e Y=COMP, (M/S)2 S 3e e -1 Qe
CLEFFICILNTS UF Cublic BULYNUMIALZSTANDARD DEVIATICN
01198 00 0Qeo8i5E V1 ~0.bUICE 0J CedlODE 0% 7 00031 (M)

NOSE VELe X=t OMiFe (M/5)3 «ibe 193, 141 93 81le
COLFMICLENTS OF LUbIC PULYNOMI AL/STANDARD DEVIATION
0o TOBSE=L2 Vedauok V3 ~velbSsE LS VeOIOYE 06 7/ Co0C89 (M)

NOSE VEL e DIRECTIUN(OEG) el | XY Ged ~0e7 ~Qe2
SEPARATION ANGLE LUEGREE )o RELATIVE TO NOSE VELOCITY
ABOVE oeevscnoscsscneas ssee Yed Je8 sban 68
BELUY ecsosssscscovooce “pen Tew L Y4 s¥se Se2
CeGe VEL o Y=CUOMMFe (M/5)¢ 4 Le -3e

L JQ 3.
CUEFFICIENTS OF CUBIL PULYNLUMIAL/STANDARD DEVIATION
DellUbE 00 Ve3BVUVE L1 ~048300E V& “0elOSBE 0Y 7 Ce0C26 (M)

CoGo VELe X~lOMPe (M/S): 2160 193, 1al. 93 81
COEFFICIENTS UF CuUBll PULYNOMIAL/STANUARD DEVIATION
“0el120E VO Lekdide Vw3 =LeloeBE LS LeB3338 06 / V«GOOT (M}

PUNCELET DRAG CULFFe = 14789
VU * I81e STANUe GCEVIAS = GoGLIY (M)

Coe VELSe X=COMFe (MS/B) 2 235 199 14l 99, 69
RECCRDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S}

MAX e d00i&? s LIVVY w05559 009217

MIN e AL 47 GUabI? LU7024 20120295
COMPUTED NOSE PUSITIUN AT MAR/MIN COIL VOLTAGE (M)

AT MaX Ve0c2y veS5ed Ve 816 1ell?

AT MIN Vecuwb ved 22 ve 9%o 1358
RECULRDED COIL PUSITIOUN (M)

Qev Ce8080 ("PX-1%" 1.086

DIFFERENCE BETWEEN CUIL AND NUSE AT MAX/HIN VOLTAGE (M)

AT MAX Oel2¢ G007 Le 006 0031

AT MIN Je2u b ve3b velBd 0s272
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SHul 6 t 26 APKIL: L$T76¢ NOs 6 )

SAND?: DRYe DENSITYL1538¢ KG/7MOu3] APPROACHING VELOCITYS: 234, M/S
PROJLCTILE: MULLOW STEH=TIENMASS 3060218 KGe D20e02 Mo Lmjecl8 M

R=RAY STATION eevceccee NOUe S M)e 2 NOo 3 NG NG S

TIME (SECUND) ecensencase evlULIOL 230UV 7 2002926 «005848 L,C10UGR2
CENTER OF GRAVITY PLULSITIUN (M)
HCRLIZUNTAL sceocevoes ~wel9 vel 73 veldyd D730 1048
VERTICAL eevcesceseen Veleh valdew Vel 28 Vel l8 JelOa

INCLEINAY JUN ANGLE(LEG) . Veu OeU YY) ~10.0 -1CeS
SEPARATIUN AMSLLCDEGRLE )
ABOVE ensnccsccsvvcccescse e Gev [e3 10 e
BELUY eoecevcnsessece SOEm Sev Ve U el 112

NUSE WIDTH (M ON FILMIe VLe0QzZOC 060235 0Qev2I0 V0240 00230
NCSE POSITLION (M)
MCHIZUNTAL oscoveccvcs UellA Uel?8 GeS07 0+833 e8]
VERTICAL occevercvocnes Vells Vel 29 vwellld VelOw Ge07S
INPULT ANGSE POSTLIIUN (M)
HORIZOMTAL oscrcurecese Qo7 Vel69 0+50C3 QeB32 1elSs
VELRYTICAL cvoacentecee =veV98 =yv,olB8 ~VelU3 =04123 =0,°898

NOSE VEL e Y=COMPe (M/S): le -1 -Se -Fe -3
COEFFICIENTS OF CUBIC PULVNOMIALI»T&NDARD DEVIATION
VellB0E UJ Qelzdul C1 =0ela89IE U8 L eB6A8E 09 7/ 040068 (M)

NUSE VEL e X=COMFoe (M/5)3 2200 1980 88. 8.
CUEFFICIENTS OF CuBlC PULYNUMLAL/STANDARD DEVIATIUN
*ValSUIE=0L veZ2a€t (I =V ITSLE UD (UL+0660E 06 /7 vel0A2 (M)

NUSE YELe DIRLCTIUNI(VEG) Gek ~De -2 -840 -Le9
SERPARATION ANGLE(DEGHEE )9 RELATIVE 10 NISE VELOC('V
ABOVE cevesccnnecevsc BIES Sc6 Se8 Ge 2 (111
BELUOW osesvecessovnsoes 1 2 X 1] Secd LYY 4 S$.8 ssee
CeGe VEL o Y=COMPe (M/8) 3 Je -50 -8 e

COEPFICIENTS OF CuUbiC POLYNON!ALIG?ANDARD DEVIAT!
UslZIOE OC OcOUJIBE OL =043636E D4 Q.T408E 0SS / 0000!9 (M)

Colde VEL o X=~COMFe (Ms/S): 2200 195, 1406 8%e T4s
COEFFI1CLENTS OF CUBIC PULYNUMIAL/STANDARDO DEVIATION

=Uel2V0E GU VeR240L 03 =061743E UDS VUWOGUZE 06 /7 Ce0UM2 (M)
PUNCELEY DRAG CUEFF.s & Lo77:

VO = 220e¢ STANDe DEVIAe = (eliaS (M)
CoGes VELe X~COMPe (M/H): 226 £i88. 136 Te 68
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W A L tmaad s AN 1 ae 90 e S A Y W ST T WY TEPEP T T § 5 T WY

SH0T 81 ( 26 APRILe 19760 NOo 7 )

SAND: wETe DENSITYIZUD0 e KG/7MEBI] APPROACHING VELOCITY: 334, M/S
PROJECTEILE?: SOLLD FLAT NOUSE MASHIVeS56e4n KGe Dx0602 My La250220 M

X=RAY STATION eesccoces NQe | NQe 2 NU«J NOe« o NG5

TIME (ScCOND) covencvce o0LUIDD su0LBIC +V0LLTS8 (003634 LCBAS50
CENTER OF GRAVITY FUSITION (M)
HUCRIZUNTAL eevecececes =0U078 Jelild JedTU Jde786 10097
VERTICAL eveveevsacsre (el Velds vella Uel33 Cell6

INCLINATIUN ANGLE{DEG), 1¢5 let 2¢C Sq @ Be0
SeP ARATION ANGLE(ULEGHEE )
ABUVE e0cvesvccensene e I¢o0 e 0 90 tveQ
. BELOW osesesesessavece ssee 8e0 (- XY 3.5 1¢S5

NOSE WIUTH (M ON FLILM)e Lebl20b Qo229 020280 060230 0CetL235
; NOSE PUSITION (m)
. HLRILUNTAL evvesaceee Lo0JIS veldl Ve k83 vehge 14229
VERTICAL oceocvoocsncese CeldI} velab vel3sd Qeldg Vel
INPUT NOSE PUSITIUN (M)
HORIZUNTAL sesesesees yeude VeLad veS9) Ve®(C8 12221
VERTICAL ecscevaercccne =uel8D =UeUTY =0e0?77 =Qel 73 ~Le06&2

! NLUSE VELe V=COMP e (M/75) 3 B8e e Qe
; COLEFFICIENTS OF Cublc PuLVNquAL/S?ANDARD OkVIATION
: OaldSYE 00 Vebubck Ul =LedSB4E U8 LeJIB7E 06 7 CLeluld (M)
i NOSE VEL e X=COMPas (M/5)3 31U 283, 236, 193, 151
: CUEFFICIENTS OF CUbIC PULYNUMIAL/STANUAKD DEVIATION
~0el259E=01 CoeJdlOll 03 =CecU@2E US U eOATTE C6 / 00033 (M)

NCSE Vil e ODIRECTIUN(DEG) Lo Oe Oe 7 Je8
SEPARATIOUN ANGLE(ULEGHEE )e RELATIVE TO NO SE VELUCITY
ABUVE eo0 00 03vs0cenrose LA X 2 10e 0 Te b 4e 7 LY
BELOW sovevssnsscosew R0 8eU Teb Te8 el
CeGe VELe Y~CUOMMe (M/0H) 2 1le Se -2 T e

COEFFICIENTS OF CuUbIC PULYNUMIAL/STANDAKD DEV‘AT‘GN
Jel263E 00U velddlBkt U2 =0.4b9ILE Ve VeSeB0E U6 7/ LeCGLT (M)

CeGe VELe X=COMive (M/S): 3100 <83 237, 194, 162,
COEFFICIENTS OF (UbIC PULYNUMIAL/STANOARD DEVIATIUN
=~Jel295% OQw SedlHYE VI =velbae4t 05 UebWQ6E 06 / Ue0GCII (M)

PCNCELET DRAG CUEFFe = Ue96a
: VO = 237e¢ STANDe LEVIAS = LetblUT (M)

i CeGe VELe X=COMFPe (M/5): 325 2089 237, 198, 166,

} HECUKRDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)

i MA X eQUul 37 sOL1iBO3 sUW3l 99 + D0 490U

' MiN «00U7vl 002671 WWLAL19J s 0006103

: COMPUTED NOSE PULSITION AT MAX/M!N COIL YOLTAGE (M)

: AT HAX JQUJL Coed VeB1l1 lel2z
AT MIN Qe 0069b 1601 1303

, RECOURDED COIL PuSlTlON im)

} Qe Vet 86 veB10 1086

' DIFFERENCE BCTVLEN COIL AND NUSE AT MAX/ZMIN VOLTAGE (M)
AT Max Vel v Ceb28® velU ] 04036
AT MIN Jedwi vellx Vel9l Jde 217

196

— —

r——




SHUT &2 ( &8 APRILe 19760 WOe 8 )

v orpenyg

SANL: wETe DENSITY1.050¢ KG/MLEI ] APPROACHING VELOZITYS 408. M/S
PROJECTILES S0LID FLAY KNUSE MASS3ueB447 rGe D=Qe02 My L®0,225 M

X=RAY STATION ecc¢ooscee NOel NOs 2 NQOe 3 NO e HOe8

TIME (SECOND) enesbcrse oQCQULIQ oC00680 40017206 ,002811 004068
CENMTER OF GRAVITY FOSITIONM (M)
HCRILUNTAL essvcocvcce =072 bel3l Qedb2 Ce 768 1001
VERTICAL esencesnnenane Vel weldd vell2 0l 34 G238

R e ne ke

INCLINATION ANGLE(DEG). Lol 1e9 10 te0 L0
SEF AKATION ANGLE (VEGKEE )
AUOVE e¢s0r2000cececncs HEBB 180 150 19606 180

OELUW secececrnrecsseen 1T 2] 1440 119 100 90
NOSE WIOTH (M ON FILM)e Coa0260 0002460 0O¢V0230 Ce0230 000230
NOSE KOSITION (M) ‘

HERIZUNTAL enseceseree Qe04) Ce284 0575 0,881 1620+

VERTICAL eecocseosscne Ueikd veldd Cel3s Ce'l 36 CelnO
INPUT NOSE PUSITIUN (M)

HCRILONTAL oeecoevonese Gol8Z vela? Ve 581 Ce886 1e213

VERTICAL escsceenonces —irU¥]l =uolld =~0eCB3 =~4e080 =~N078

e n ey -

P s i e ettt

HOSE VELe Y-COMMo (M/S) 3 1. Te 1. le 8e
CDLFF!CIENTS OF CUBIC POLYNUMIAL/STANDARD DEVEATION
OolZ89E CC (el28Dk C2Z =0e57STE Us VB27'E 06 7/ K£«0023 (M)

NOSE VELe X—=COMFe (M/S)3 38l 327 . 297 26S. 2548,
COEFFICLENTS OF CUBIC PGLYMUMIAL/STANDARD DEVIATIUN
~0sBLABEVG2 0eIVCIE U3 =~0¢3459E 0S5 Ue29106E 07 7/ 00031 (M}

- - St At

‘ NOSKE VELe DIRECTION(LEG) | Y i.1 Qe Gl 17

i SEPARATION ANGLE{DEGRER )e KELATIVE TO NOSE VELOCITY

| ABOVE eecescsssicscee EHGS 156 11 Lbez 1441 1567

; BEL.OW seecscssccecsncce SWER 13e9 12¢3 19 Be3
CeGe VELe Y=COMP, (M/5) 3 126 Te le 8.

COEFFICIENTS UOF cuBlcC PULYNUN!AL/STANDARD DEVIAV!QN
Vel230E Q0 velIwBE 02 ~GeSTS2E 08 U+8264E 06 7 CoC023 (M)

CoeGoe VELe X=COMPa (M/S) 2 3581 387, 297 265 294 «
CUEFFICIENTS OF CublcC POL\NDMIAL/STANDARD DEVIATION
~0el212E UO Coeavuwit U3 ~0+3454E 05 062923 07 7 00031 (M)

PONCELET ORAG COEFFe = Qo729

!

i

t

|

i

| YO = 38le STANLe DEVIAe = 00061 (M)

; CeGo VELe X=COWP. (N/S): 3Bie 350, 302. 265. 232.
1
l
]
k
i
t
¥
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SHUT 3 { 25 APKILs 1976y NOs | )

e e e ke e

SAND: WETYs DENSITYI20D0e¢ KG/ME83 ] APPROACHING VELOCITY: 419, M/S

PROJECTIAER SOULID FLAT NUSE MASSIU ¢5450 KGe D30eJ2 Mo LE(e225 M

X~RAY STATION sceenvseee NUWI NOe 2 NOe 3 NJe.8 NG9S

TIME (SECOND) sevenenee e000109 oL00OS2 4001693 +00265% +003842

CENTER UF GRAVITY wUSITION (M)
HCRIZONTAL eswecnvoves =0e072 Gelde Qedbl Oe?733 1.021
VERTICAL ossvnosvceccee Vel Vel Cel 30 Qel133 Ceilt

INCLINMATION ANGLE(DEG) . 240 led 1e5 13 GeS
SEPARATIUN ANGLELLEGKREE)

ABUOVE ceoevoessscnsave Soas sea s 1200 12.0 12¢
BELOW seovvececncscsns BRus L LY 100 106 1Ce
NOSE wIOTH (M ON FlLi)e Del206L OeO24y Ve 023y Vel24¢ aCad2

NOSE POSITICON (M)
HCRIZONTAL esoonrencese 0e048) Veltd DeS76 DeB84S 1elJb
VERTICAL evevsecveces Coll? veld6 Qe lds el 36 Vel 32
IRPUT NOSE POSITIUN (M)
HURIZUNTAL eseoceveere Uela2 Qo250 Ve 580 QeBA7 1e¢132
VERTICAL eccvevecoceee =volud =UelPl =0eU84 =0e¢ .8V =0e0B8S
NOSE VELe Y=COMPe (M/S) 19¢ 13. “le -3

COEFFICIENTS OF CUBIC PUOLYNULMIAL/STANDARD DEVIA?ION
UoliBSUE VU UVelVBTE 02 ~0e003AE 08 (GaS2068E 06 7 00016 (M)

NOSE VEL e X=COMFe {M/75)3 205, 3asi 29 256 221,
COEFFICIENTS OF CuBic PULYNOMIALISYANDARD DtV!ATlUN
0eB493E~03 CeIVITE VI =UeIIJUGE WS ColB92E 07 /7 00067 M)

NOSE VEL» OIKECTION(DEG) 2.8 2014 0.8 ~0e2 =0e8
SEPARATION ANGLE(DEGHEE )eo KELATIVE TUO NOSE VELOCITY
ABOVE cscvecocsvcencee “Susw s 1163 203 1Ge?7
BELUW oscvecvccsccccse RENs s 107 11e7 11e3
CoGe VEL ¢ Y=COMFPe (M/S): 22 14 -]e le

COEFFICIENYS OF CudicC POLVNOMIALISTANOARO DEVIAT!ON
0ellOBE 00 Vel017c 02 -GCeBBO3IE 74 Ci0IUE 07 7 CeC023 (M)

CeGe YEL o X=COMPos (M/S)3: 384, 351, 290 286. 220
COEFFICEENTS OF CUBIC PULYNOMIAL/STANDAKD OEVIATION
=0aeli20E 00 Ve IVISE U =Le3299L 05 0o LlBBGE 07 7/ Ce0UBT (M)

PONCELET DRAG CZUEFF e = 04820
VO = 296¢ STANUe DEVIAe = 0051 (W)

CeGe VEL e X=COMPe (M/S): 383 348e 296 260+ 228,
RECORDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)
MA X eQOvO7e wWolAeld eQU2%509 « 003758
MIN e 00uS4s UCE 2034 eQU3230 2004627
COMPUTED NOUSE PUSITICh AT MAX/MIN COIL VOLTAGE (M)
AT hAX UOGJI Oed93 Je 80S 1¢106
T diN e 2y JeO706 0.985 1293

RECQRDEO COlL PU:ITIDN (M)
Ce 0486 0810 } 086
DlFFERENCE BCY!&:N CULL AND NUSE AT MAX/HMIN VOLlAGE (M)

AT M GelI1 veCU? =00085 04020
AY NlN Qelve Vel 90 Jel79% 0.207

198




R e e s and]

R N e R R Ay s ae D0 RN

SHUT oe ( 25 APRILe 1976¢ NOe 2 )

SANL: WETe OENSITY (50 KG/MFO3 S APPRUACHING VELOCITY: 406+, M/8
PROJECTILE: SOLIVU FLAT NUSE MASS:veBA5u NGy D=0+02 Mo L=0.2285

X=RAY STATICN eecconcess NGol NCGe 2 MO« 3 NOeo NO«S

TIME (SECOND) ceeeseoen oOCULIT «UCLED9 (0QULTIP 002702 003929
CENTER OF GRAVITY PFOSITION (M)
HURLIZUNTAL ecescececvees =UeldS Ve l37 Ved8?7 Ja726 1e00A
VERTICAL os0vececnsese Velld el 22 vel2? Vel 29 Vel 25

[

) INCLINATION ANGLE(DEG) 245 2.5 2.0 2.5 3.8
; SEP ARATION ANGLE (DL GRLEE )
ABOVE eeovvvosccncsce Htun 14.0 1740 1S5 1200
BELUW sv0cencecscvsccee L1y ] 13+0 Vel 9.0 40

L ]

NOSE WIOTH (M ON PLLM)e L ol25D Vo023 UedRI0 000230 00230

SUSE POSITIGCN (mp
) HCRIZUNTAL esso0ssocene 0QeQe8 XY L)) VeS70 0839 10817
1 VERTICAL ecevceencesesn Ge l 2¢ Vel 2? O0s131 Oel 30 GelA2
v INPUT MUSE POSITIUN (M)
: HCRIZONTAL ceovvscece 0Qe0S) e8I CeST76 06839 l1e113
: VERTICAL osescccvccnse =0elUP9 =veQ9L <~0,086 =0,083 =0.088

NCSE VELe Y=COMP, (M/S5)2 12 Ve Je -Ceo -2
CCEFFICIENTS OF (UbIC PULYNOMIAL/STANDARDO DEVIATION
VollBIlk WU UelJITE 02 ~Ue37227E LA (eJOBTE 06 7 040012 (M)

NUSE VELe X=CCMPse (M/S): 362, 337, 2936 2%3. 2Vud .
COEFFICIENTS OF CUBIC POLYNUMIAL/STANDARD DEVIATION
¥ “Qe8l2uE=C3 0Qe308BcE w3 ~Ueccl8E 05 0QeZ1I0E C6 7/ 000058 (M)

NUSE VEL. DIRKECTIONIDEG) 24 1eS Qo ~040 =CeS
SEPARATION ANGLE(VDEGREE)s KELATIVE TO NOSE VELQC!TV

' ADBUVE osecoveccocscoee LA X 1 1360 156 125 Te?

BELOW e¢cvecescvecceesns sesw 1440 104 119 B8ed

! CoGe VELe Y=COMF,e (M/S) 13 Qe ‘lo -1

COEFFICLENTS OF CUBbIC PUOLYNOMIAL/STANDARD OEV[ATI
Dell32E 00 Uelou9L U2 ~0+3062E C4 Qc2008E 06 / 0.0007 (M)

; CeGa VELW X=COMPe (M/5): 262, 337 293. 253, 2V
COEFFICIENTS OF CUBIC POLYNUMIAL/STANDARD DEVIATION
“VeollIJIE UG VeIbB2E UI ~Ge2ZI9E 05 (e2212E G6 7/ Co00S4 (M)

' PONCELET ORAG CUEFF e« = 00777
VO = ¢93e¢ STANDe DEVIAe = Co01I08 (M)

. CeGie VEL s X=COMPe (M/S): 376 34l 293¢ 259, 226

]

. RECCRVED TIME OF MAXIMUM/MINIMUM CGIL VOLTAGE (S)
MAX e QQuuba oGulScd 0002562 « 003842

, MInN ¢ 00vSu9e SRBES LT «093317 « 008752

X COMPUTED NOSE PUSITIOrN AT MAX/MIN COLIL VOLTAGE (M)

i AT MiLX Qevdz CeS5u9 Ne 801 1099

' AT MIN GelB SER R BES 09509 Le271

; RECCROED CCIL POSITIUN (M)

: Qe GCe b 86 V810 1086

: OIFFERENCE BEThtLN CUIL AND NOSE AT MAXK/MIN VOLTAGE (M)
AT MAX velas veG2J -0.009 0013
AT MIN Qeldi SESREEES Uel?75 Q01853
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SHAT 8% t 2% APRILs 197060 NCGs 3 )

SAND:IN=0rHs DENSLITYIIV00 e KG/Mue3 ] APPRUACHING VELOCITY: 237, M/S
PROJECTILE: HOLLOW STEP-TIERMASIIved23V KGe DZ0aV2 My LEC,238 M

| F RAY STATION eecesosese NQOe) NO»2 NO«3 NOe & NO.S

TIME (SECUND) cccccnces «U0UISS +v0UBES 002298 004596 008612
CENTER OF GRAVITY POSITION (M)
HORLIZONTAL ceosecrnce ~UelUB) VeUOU Veld93 0.8062 19.127
VERTICL «r0vcecncscece vVeluS Vel 13 Celild Vel21l 18.224

INCLINATION ANGLE(UVEG). lev Vets Le0 1«0 seten
SEPARATION ANGLE(DEGKEE )
ABOVE eo0s0 0000000000 [ I X ] L 1 Y se08 [ X1 % (11 2.
BELOW seccscsvcscncss sses (X1 X ER ] F sExs ey

| NOSE wiIOTH (M ON FILM)e Ge0202 Ge0230 Vev23l 00230 srenss
NOSE PGCSITION (M)
HEORIZUNTAL oesevecveccce Vo024 Jel9S5 UedS8 0967 194140
VERTICAL eccevencseoare OelV? velld 0a116 Qel22 18,121}
ENPUT NOSE POSITION (M)
HORIZONTAL essveccceece Lel2U Vel90 0493 0e986 x%kses
VERTICAL cveescssnces ~Geldld =<“0el07 ~0elCh =020096 *%¥uns
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SKOT bo { €% APRILe 1976¢ ND. 4 )

SAND 3H=-0He DENSITYILlVL0 e KG/ME83; APPROACHING VELOCITY: 237, W/S
PROJECTILE: HOLLOW STEP-TIERMASSIO 00230 XGe Dm0e02 Mo L®0.238 N

X=xAY STATIUN seesvecce NOel NOe 2 NOe NQeo & NOeS

TIME (SECOND) socvescses sVU0UITL +0OLITA (002339 V04379 J0CHK884

CENYER OF GRAVITY PUSITIUN (M)
HCRIZONTAL cesccsececes =Qev8y Veldo 0.3%96 Ve 704 1099
VERTICAL eeseescccnse velvé velll velle Del i@ Oel 29

e e e

INCLINATION ANGLE(OEG). lev Q¢S . D8 =340 -89
. SEPARATION ANGHLE (DEGREE )
i AEUVE eecsessennesce [ 1 X 1) (X Y ] e 88 e (111
g BELOW eocecevececcese seRe (313 sés s e s sEne

: NUSE WIDTH (M ON FILMle LeU26u wel28u UL0240 000266 .0260
; NCSE POSITION (M)
. 0503 0.889 1.203

HCRIZUNTAL eecococene 00025 «1i

ile VeliS VellJ UColl®
297 0897 0.873 1218
108 ~02105 =04107 ~0eI1NS

v
; . VERTICAL oevecsccccccce Ve lué v
INPLT NOSE POSITIUN (M)

HCRIZONTAL oseseocscsne 0021 v
VERVYICAL eccesvecnveeaes ~Gall?7 =-u

NUSE VEL s Y=CCMPs (M/5)2 Qe Se Qe -le L X"
COEFFICIENTS OF CUBIC POLYNOMIAL/STANDARD DEVIATION
Qoluvbt GO 0eluSOE 02 ~Ca31ASE ¢ VWe2753E G6 7/ Ce0006 (M)

NOSE VEL e X=COMFPc (M/5) 3 2460 226 197, 168, 157¢
] CCEFFLCIENTS OF CUB IC POLYNUMIAL/STANDAKD DEVIATION
: “~QelBBTE~QL 0e2Blle VI =VelIWUZE US UebOFOGGE VO 7 Ue0uad (M)

COEFFICIENTS OF CUBIC PULYNOMIAL/STANDARD DEVIATION
0elVI0E Q0 0e900RE ULl ~0e2961lE U8 0420S0E€ 06 7 00017 (W)

CeGe VELe X=COMPs (M/S): 2006, 226 197« 168, 1%58. .
COEFFICIENTS QOF CUBIC POLYNUMIAL/STANDARD DEVIATION !
~0elR39E 00 VeZS51I1E U3 ~01006E (S5 ve70S8E 06 7 00085 (M) '

NUSE VEL e DIRECTIUNILEG) Ted le Qel ~0ed | 9%
. SEPARATION ANGLE(DEGREE Do RELAT IVE fU NOSE VELOCITY .
: ABOVE vevecsccccvcccve L1 E X [ 2 1 1] [ 2 2T ] (111 [ £ 3 1]
: BELUW ecoecevcsenvocece L I 1] xxyR sens 1Y Y] “Ee
}
! CeGo VELe Y=COMP,o (WS): Pe Se 2e 10«
{
]

PCNCELET ORAG COEFFas = 14131 .

VO % 197e STANDe DEVIAe = Q20078 (M)

CeGe VYEL o X=-COMFe (H/7S): 280s 2Ze 197, 168, 147, :
' RECGRDED TIME OF MAXIMUM/MINIMUM COIL VOLTAGE (S)
‘ MAX I Ivy §-3-1 o 0U2391 Q03960 «005528
; MIN s GUIOUY «C03354 eN0a98% 2006584
f COMPUTED MOSE PUSITICN AT HMAA/MIN COLIL VOLTAGE (M)
: AT MAX 000&0 GeSi1 e 799 1058

AT MIN e 221 e 692 JeB71 Re225

KRECURDED COIL PUSITIUN SN)

Oe o480 0e81C 1 086

DIFFERENCE BET'EEN COIL ANO NUSE AT MAX/MIN VOLTAGE (m)
AT MAX (1T Ve 025 -JeG1l 1l -0¢028
AT MIN Qekzl Qe sl GCell9
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LHOUT 87 ( 29 APRILe 1976¢ NOe S )

SAND IH=0rHos DENSITYIIVULN e KG/7NMESI ! APPROACHING VELOCITY: 24les M/S
PROJECTILE ! MOLLOw STEP=TILRMASS IV o82L7 KGe DEQeC2 My LEIL,2I0 M

2 X-RAY STATION .ecesense NUel NO. & NOe 3 NOe@ NOeS

TIME (SECOND) ovecveesce «wbOLITO® LLULIVE 4VUR3YL 4006193 0006221
CENTLR OF GRAVITY PGUSITION (M)
HCRILONTAL osevoesceer =LedT0 velld v e8US veT7S $.022
VERTICAL eetscceeesee Velid weolll della vel2¢G Cel23

IMCLINATION ANGLELUEG) . “Lleb “lew ~Qe8 -le?7 —2e
SEPARATICN ANGLE (L& GREE )
AUBUVE e0ce0convonccsce 582 sk see s 1Ve¢ 18«90
BELOW cceceonsveccrne 8BS sew e st 2000 2040

NOSE wilOTH (M O FlLM)e Coll68 wel2l2JId 060245 De0245 Je0265
NCSE POSITION ()
HOGHIZONTAL osencesonces Vol Ve2l? CeS11} Ce88C Le227
. VERTICAL eesvrecoersee Lelil wvelVu$ vellkg Gell? Qet 49
! INPUT NOSE POSITIUN (M)
HCRILZONTAL osvesecoeces Yelzh we2lh ' N-104 0.889%9 Le246
VERTICAL ecovecescccen =Yelcd <=Uolld ~0elC8 <=0Qe0¢103 ~0el00

NOSE VELe Y=COMce (M/H) Be IS 20
: COEFFICIENTS LOF Cuelc 'JL'NUN]AL/STANDARD OQVIAT‘ON
: JelULIE QU DebILLE ) =0elbTY9 Ce¢ OelIVBE Q6 7 LeCula (M)
!
: NOSE VELe X=COMPe (M/S ¢ 237 221 0 216 194, 176,

: COEFFICIFNTS OF CUBIC POLYNUMIAL/STANDARD DEVIATION
! =0 eFIIBE"02 VelalBlE U3 =0eib32L A ~CeTIICE 05 7/ 04,0032 (M)

! NUSE VELe OIRECTIUNI(LEG]) 200 le Oe 0e¢) Cel
. ScPARATION ANGLE (D GREE )e RELATIVE TO NOSE VtLOClTY

ABOVE eeescessvcecscen ss8m (TR seBe 1990 17.8

BELOW ece0coevccsvssee t L L X 8 L1 1] 1860 L17e2

CeGe VEL o V=ClMMHe (M/S): O e 20 2

COEFFICIENTYS OF Cublic PULYNUNXAL/&TANUA&D DIVIATIUN
QelUBMIE YO 0ebuwIBc C1 ~CebUBUE VI VSIITE 08 7 Ce0LtE (M)

CoGo VELe X~-COMFo (/D)3 227 R21 210 196, 176,
COEFFICIENTS OF CUB IC PULYNUMIAL/STANDARD DEVIATICN
~0eliA3E 00 CoeZ&ZBLE UJI =00ID2vE (S ~0e8GZZE 08 7/ (0651 (M)

e e ey

PONCELET DRAG CUEFF e = (o506
VO = 230¢ STANDe DEVIRe = 040064 (M?

CeGe VELe K=CUMP, (M/S): 230 222 210a 196 183,
RECORDED TIME OF maklmMuM/MiINnIMUM cOIL VULTAGE (S)

MAX o000V 14¢ 20U2376 2003929 e Q0H419

MIN 0001093 U3 I52 Y1111 « 006503
COMPUTED MOSE PUSITION AT MAX/MIN COLIL VOLTAGE (M)

AT MAX Uo°¢5 GeS1i) Celi27 lelloO

AT MIN Qe Qe708 1e¢012 1e302

kECORDEL COIL PUSITION (4)
Qo Oe810 leQ8E
CIFFERENCE BETU&LN CulIL AND NOSE AT MAK/MIN VDLT‘GE (M)

AT MAX Uel2S Gel02% Vel(1LT Cevu2e
AT MIN Ve217 O0e22« Oe202 0¢216
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sSHul ob ( &84 MKAY, 1976 NOe 1)

SANCS DhYe CENSITY2 15386+ KG/7M333] APPROACHING VELOCITY: 233¢ M/S
PR JeCTILE: NOLLLW STLP-TIERMASS v e%21i9 KGe D20,02 My L®Q.238 M

wirke- g

X=RAY STATION eseceasnee NOel NQ. 2 NQGe ¥ [ PN ) NO+%

TIME (SECOND) oeo0svcesss eGOWLIIN «v0uBYY 4002919 0057902 Juil28
CENTER OF GRAVITY FUSLITIUN (M)
HOURIZONTAL scececeves 1B8e0Z& Cel8BY vedly CeT23 1081
VERTICAL eevesscnsesee ABe226 vell? Velde Vel 24 valoB

[

INCLINATIUN ANGLE(DEG)s sBBRd CelO ~ =268 ~Te3 ~TeS
SEFARATIUN ANGLE (VEGREE )
(1YY} [T Y] (311} 1«0 25

ABOVE eo0esenssscsccoes
BELUW osevecseeonsccooe saee cee s LY 1 1) [.¥% - 90

NOSE #I0TH (M ON FILM)e Svssss  eol24u 0.U23U 060230 0e923C
NUSE POSITIUN (M)
HCHIZUNTAL scecececeaes 18e0LOC GelB8S 0e8CS5 0.828 1158
VERTICAL ocoecoevoncoee i8a12]1 Celll? Gell? Oel tV 0099
INPUT NOSE PUSTIT IUN (W)
HCRILCUNTAL cocnensnoce 286883 0el?78 Ce8901 Qe 26 1157
VERTICAL ¢ceccacescoer SERUSE =yoiU2 =Vell02 <=0eliyu =0e)?28

P

T C P L TR AR e e e AT AN 1 n

e e et oy an

i S
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SHUT &% { 24 MAToe 19T76¢ NCe 2 )

SAND: DRYs DENSITY(1536e KG/Mr83; APPRUACHING VELUCITY: 227 M/S
PROJECTILES HOLLOW STLP~TILRMASH v 4219 Koo D=0e0e Mo L=0.238 M

X-RAY STATION ceeccscar NOe 1} NOe 2 NOo3 NO o6 NOeS

TIME (SECOND) evesvccee e000143 oL0VUP01l 002938 (005011 010047
CENTER OF GRAVITY PUSITICN (M)
HOURT ZONTAL eevvecsver ~uLalve veG08 00393 Ce718 16043
VERTICAL. e ccenesocece Uslle well9 voled Joldid Q08

INCLINATION ANGLE(UEG) e Usw -ve?d ~8e¢0 -1000 -1leC
SEP ARATION ANGLE(DEGRELR )
ABOVE eesecscescsvenve [ TR 1] 6e 0 LR LY sos e s
BELOW coescvecesescceen een SeV L X2 L1 2] *Eee

NOSE #I0TH (M ON FILMIe Cebidot GevcdS Wav230 0690235 0.0230
NCOSE POSITION (M)
HLRILZONTAL Leeec0encr Vel velA?74 Jed96 Q.8 18 lelde
VERTICAL seovsesenoee ve Lae velld veill Q095 Ged OO
INPUT NUSE POSITIUN (M)
HCRIZONTAL evoevcecene 0Oo0GS veldd o9l JeB81S leloo
VERTICAL eesoeesssene =Uslud =Ueliul =~Uelll =Gol20 =Jsl63

NOSE VELe Y=COMPe (M/S) ¢ Le -G e -84 -7 s -G
COEFFICIENTS UF (CUBIC POLYNUNIAL/STANDARD DEVIATION
QellBSIE 00U Qel2012E Gl =0e1297TE U8 U eS5BTTE 05 7/ 0eul 27 (M)

NOSE VEL e X-COMP, (M/5): 215. 191, 137, 89, 77,
CCEFFICIENTS OF CUBIC POLYNUMIAL/STANDAKD DEVIATION
*LU el TUBE=UL Lek2l¥w¥E 03 ~Lel0Sll U5 ULeOHO0LE VU6 7/ 240071 (M)

NOSE VELe DIRECTIUNICLLG) Ged =Q0el ~1e7 =806 -4e7
SEPARATION ANGLE(UDLEGKREE )y KELATIVE TUu NOSE VELOCITY
ABOVE csvececesececene ey Ge d *68s shbg sEe
HELUW vevecesvcecscses shne 4.0 [ X2 %] se0E (XX 2]
CoeGe YELe Y~CCMP,s {(M/&)2 D .Y ~Ge - 1

CUEFFICIENTS OF CULIC PUOLYNUMIAL/STANDARD DEV!AT!ON
CelI27E 00 Qe95BOE Ul =0-210CE (4 (GeVIBIE 0% 7/ QG008 (M)

CoGe VELe X=CLOMFe (M/5): 215, 151 138 89, T7s
COEFFICIENTS OF CULIC PULYNOMIAL/STANDARD DEVIATION
“0el@22E VO Oex2LIE 0J ~CelBDIE O5 veb3UEE UG 7 0.yC6A (M)

PUNCLELET DRAG CUEFF, = 1,714
YO 5 215e¢ STANUe UEVIAe = UeG 126 (M)
CeGo VELe X-COMP. (M/S)S 2195, 185 138, 97, 69
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SHUT Su { 20 MAY, 1976¢ NQe 3 )

SANC: WET: DENSITYI2050 ¢ KGr/ K83 ;T APPROACHING VELOCITY: #4S5c M/S
FPROJECTILES: HOLLOW STeP~TIERMASS:IU 4220 KGe DSJed2 Me LE=Q.238 M

X-RAY STATION ocececoezes MNUel NOeo 2 NCs 3 NO S NQ.S

TIME (SECOND) cvevseveee eLWOLI40 0006700 001708 +0028U0 s0USIZS
CENTER UF GRAVITIY FOSITION M)
HLURILONTAL secvenessee =LevdS 18.213 QeS77 0889 iel74
VERTICAL eovoncsoonne elll 18e226 vel36 Qel 37 0«135

INCLINATION ANGLE(DEG). Oev sesed -Jdot -3s0 ~2e2
SEF ARATIUN ANGLEL OE GREE )
ABCYE osecs0v00000000s> *sse [ ¥ 1 1 70 20 cese
BELUW eeoeosocrcvecvcee s8Ee sete i1eC T« 0 L2 2 1]

NOSE WwiIDTH (M O FilLMle CeV2860 S38888 UL0230 040235 0.0220
NGSE POSITION (W)
HCRIZUNTAL esevenscese Ge0OSL 18e231 0«0982 0.990 1.279%9
VERTICAL o0 cesevsccece (Lolll 18¢12) velldo oul132 Nell
INPUT NOSE POSITION (M)
HOURIZUNTAL cesvovesee Re056 Ssesss Ve 704 1017 L2293
VEMTICAL ecevsoccccce ~“0e097 %8083 =0.087 ~0.008% «0.,087
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oMLt wi { < MAY, AvT?hH. NQO, & P
SANCIMm=UHe UDENSITYIlUuo e KG/7MeB,{ APPRUACHING VELJCITY: 3. ¢ MsS
PROJECTILE: HOLLUE STILP=TIErMASS I evdace Xbe D2uele My LT eddt M
K=hAY STATIGN eosscveccse NG el Nie 2 NOoJ NOs s NUe S
TIME (SECCOND) aeoncvens eGUuLIBU eUCluve ovvedHY evudlSs o0 6.9S

CENTERk OF GRAVITY #USITION (M)
HERLLONTAL eenessoceces =0a0UY welldd vebC7? Ge8135 l Ve

VERTICAL 000000000 ee ve lui vwelul vel vwell?7 114
INCLINATION ANGLEILEG) [ Vel ~GeH -3e3 ~wed
SEFARATION ANGLE(LEGREE )

ADUVE eescsvevnccscasns rens hoew LA LR ] s Qe

BELUW essovaccesscnsons s 19 (X 2 X} [ X TR ] [teS
NOSEL WICTH (M Oiw FiLMie vevw. ' Veba U velL@3T wevddu cen '

NOUSE POSLITICHM (M)
HCRIZONTAL soaccesrces v el o0 o2&l veDle veGad 16253
YERTICAL sececevarnne ve lub wolud velll Galll Cell
INPLT NOLE POSTT 1wy (M)
HURTZUNTAL seseonsees Vewdo Je2!l9 Celun ve®S5H lo2a7
VERTICAL oecevcenvccns ~(Leiln ~vweblld =ystlll ~Jell% <“uell9

' NOSE VELe Y-COMPe (M/5)2 D 2e ~Ge le
‘ CUEFFICIENTS OF Cuwic PULVNUMIALlsTANDAhU DEVIATION
Vedbabt -Gl Re90L Tt ¢l ~Qadildc U LelT7IE C6 7 LeulC]l (M)

NOSE VELe X=COMko (M/S): L1Geo 19 23€Ca 2CA, 1C6e
COEFFICIENTS OF CUBbIC PLLYNUMIAL/STANDAKD DEVIATION
VebBBZ2E~UZ Celuedt ¢33 (GedaWilt UD =vedli3ct 07 7/ QollBL (M)

NUSE VEL e DIKECTIUN(DEG) Lot lots Ve Vel Leb
SEPARATION ANGLE(VEGACE )v RELATIVE Tu NOSE VELQC!TY
ADBOVE eeesvvcecensoce s o8 1464 sese son 14,1
BELUS es0eo0evenssocees s w 1Jde1 eneR ssns 1les
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APPENDIX B

DERIVATION OF FORCES AND MOMENTS ON A
RIGID BODY IN A SOIL MED..L 4

The purpose of this section is to develop the expressions for the
forces and moments applied to a projectile in a scil medium. The forces
are represented by Fy, F, and F, along a body fixed set of axes x,y,z with
the origin at the center of mass of the vehicle. The moments are about
the x,y and z axes and are denoted L, M and N respectively and the velocity
components are designated U, V, W recpectively, It is assumed that the
force exerted by the roil on a differential surface area ¢f the body is of

the form

dF 2 -

7 (Ax+BxIU|+CxU In 1

+ (A +B_|v]+c_ VO)n
( y yl l y ) y3

2y K -
+ (Az+Bz|w|+CZH nk (B-1)

where n N N are couponents of the outward unit vector n normal to the
surface of’the body. The force is assumed to exist only when the velccity
is directea toward the elemental arca. The flow is assumed to be separated

from the body aft of the nose.

The nrae shape that is treated Is conical, with nomenclature as shown

in Figure B-1. 1In the cylindrical coordinate system the equation for the
surface of the conical nose is given by

p = -(x-x) (B-2)
The unit vector normal to the surface of the nose is

n*Siny 1 + Cos vy Cos B + Cos vy Sin Rk . (B~-3)
Tne area of a differential surface elemen. i{s given by

dA = &_d.’.‘—de.. . (8_4)

Cos Yy

The inertial reference frame x'y'z', a rectangular Cartesiac system,
18 choser with x' perpendicular to the surface of the target and pointing
inward 4nd y' and z' chosen in any convenient direction. In order to write
the equation of the target surface prior to impact, in the body fixed axis
system, a coordinate system x Y102y {8 chosen oriented parallel to the body
axis system but whose origin is coincident with that of the inertial axis
system. The equation of the tavget plane in the inertial system is x' = 0,
Using the Culer transformation matvix introduced ir Section VI the relation
between the primed and sub-one system can be written aa
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1
' - s
y Ter (Y1) (B--5)
! z
This yleld.
' - - -
x Tllxl + leyl + 11311 0, (B~6)
where
711 = Cos ¥ Cos 6
le « Cos ¥ Sin 6 Sin ¢-Sin ¥ Cos ¢

T13 = Cos ¥ Sin © Cos ¢+Sin ¥ Sin ¢ »

Equation (B-6) can be written in the body axis system by a simple translation

X = xl +d

rYeEn (B-7)

z .2 .

where d is the distance from the body axis origin to the Iinertial axis origin
and 1is

d=VaxhZ+ 02+ @n? .
Substituting Equation (B~7) into Equation (B-6) results in

Tllx + ley + T13z " Tlld s (B-8)
the equation of :he target plane in the body axis system. It js convenient
to write this equation in a cylindrical body axis system as shown in Figure
B‘l-

T..x + lepCosa + T13081n8 - Tlld. (B-9)

11
Consider the case where the nose has impacted the target and is partially
immereed in the soil as shown in Figure B-2. The locus of the intersection
of the nose and the target plaiie will be given by the simultaneous solution
of Equation (B-9) and Equation (B~2) which yields

T,d -(r/LN)§[1120098 + T,,Sin 8]

- ] ' o ¥ -
T;, ~(/L) [T;,Co8B + T ,51n 8] (x',y'42",¥,8,4,6), (B-10)

X = = fl

Using Equation (B-1) the differential force in the x direction becomes

2
dF_ = (A + BxIUI + C.UN)n, dA
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and realizing that & positive value of U will produce a nagative force
on the projectile, this force ia rewritten as

)] 2
dF, = “ToT (Ax+nxiul+cxu Jn, dA .

By using Equations (B-2), (B-3) and (B~4) and = = tany the above expres-
sion may be written as LN

U 2 2,-
dF, = = TuT(AFB,[UI+C,UT) (r/Ly) " Gex) dx a8,
and upon integration, yields '

F = - -,«%'-(Ax+8x|ll|+cxuz)(r/l.ﬂ)z./:/;x-x) dx d8

where the limits for the integrals are chosen so that the integration is
over the portion of the submerged area having a velocity component toward
that surface. The integration with respect to 2 ir performed first. The
upper limit for the x integral is simply X. The lower limit for x is a
bit more complicated as shown by Figure B-3 which shows the x-z plane “or
a case where . =¢ =0. As long as thec projectile has not penetrated very
far the lower limit is simply given by the equation of the intersection of
the cone and the target plane, that is f, of Equation (B-10). As shown in
Figure B-3 when the penetration reaches the base of the nose this limit is
no longer correct since integration where x < L, gives a contribution over
the dashed part of the cone that does not exist. For this reason the lower
limit becomes fl' unless fl < L1 in wvhich case the lower limit becomes Li'

The 1imit on the B integral will depend upon the wagnitude of -the
angle of attack, o given b:low, as compared with the cone half angle y. If
the angle of attack is less than y the limit will be from O to 2v. This
is expressed as

o COB'L——L‘U-—] <y = cant [L,d

U2+V2+H2
To summarize
2 -
w_y 2, {r_ ‘?;ﬂ X = dx d
Fo= = T (ActB U 1+€, U9 [LN] s i)L(x x) dx d8 ,
1-71

for a<y and forvr %>#.5L.. For the case where a>y one side of the coae will
be blanketed and thé 8 integral will be integrated only over 180 degrees.
In order to determine the proper range of B consider the y-z coordinates

(x into the plane of the paper) as shown in Figure B-4. The V and W
components determine the projected or wetted area in contact with the soil.

Let 6t - tanal E. and limits on 8 will be t'% radians from the angle 6t

or from - % + 6: to §-+ Gt' Collecting this we write

(B-11)

v 2 r 2 §+6t X - de (B-12)
- - b - d -
F Tu—l(“x”x'“h'cx" ) E:N-] _[“ f (x~-x) dx ,
7He  fi2h
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for

a>>, i:flng and V>0 .

If V<0 & different set of limits on B are applicable., 1In this cace

2
U 2, [e r2 t = - _
Fx TﬁT (Ax+8x|u'+cxu ) [;N] .," ‘jx (x=-x)dx d8 °’ (8-13)
7%

for a>y, Xx>f,>L, and V<0 .

Once the nose has penetrated so that it iy totally submerged rhe force
becomes

2
. s ydynI_ -
F, ToT (Ax+nxiu]+c,xu )= (B~14)

where n = 1 for a<y and n = 2 for a>y .

In developing expressious for F, and F, the velocity componente in the
y and z directions would be made up of a velozity term due to translation
plus a tera due to rotation. Specifically, for a point on the axis of
syrmetry the velocity component in the y direction is V + Rx and the velocity
component in the z direction is W - Qx. If these velogity terms are used,
the angle &, becomes a function of x, namely § = tan ~[(V+Rx)/(W-Qx)].
Since §+ appears in the limits of integration with respect to B, these
limits now become functions of x, and the intezration is extremely cumber-

some.

One approach to this problem i3 to treat the two velocity terms separ-
ately and add the resulting forces. This neglects the cross product terms
2VRx and -2WQx in the velocity squared terms of the differential force in
Equation (B-1). Another approach would be to sum the two velocity terus
first and replace the longitudinal integration with resoect to x by
integrations over several strips of finite length Ax. Then sum these
segmental integrations tv obtain the resultant forces. Only the first
method {8 presented here, and further consideration of this problem is left
for later research in which the possiblity of modifying the assumed force
law should also be considered.

The 2xpression for F_ is written as the sum of two parts. The first is
due to translation, (F )T’ and is obtained in a manner similar to the
detailed procedure out{1ified above for F and the other is a component of
force due to a rotation rate R radians per second about the z-.xis. This
component 1s denoted (F_ ) . The rotation rate will give the differential
surface element a veloc¥t§ componert in the y direction equal to Px. This
component is treated in the same manner as the translational velocity V in

order to determine the Fy that it produces. The results are as follows:

Fy = (Fy)T + (Fy)r (B-15)
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(Fp = - 1—7 (A+B !vl+ c,v 2y [ij 2 f (x~x)dx CosB d8 (B-16)
fr
e, Jf

for V>0 and §3f :L,. For the case where V<0 the limits on the 3 integral

1=,
" 3n
become 3 + Gt to 2-+ Gc'

22 = 1

(7)), = - 187 [’“Nl[zﬁ jf . (A8 x|R|+¢ PRY) (ex) dx Coss 48 (B-17)
>

1

for R>0, x »f >L. and §_ = - tan™ 2 . For R<0 the iimics on the B integral

1-71 r R
" In
become i+6r to i~+6r.

Once the projectile haa penetrated so that the nose is totally submerged
the lower limit on all of the x integrals becoues L.

In a similar manner F, is composed of (¥, )y and (F,),.

F, oo (F), + (Fz)r . (B-18)
Where
75,
2 ~
F A +B W[ W x-x) dx Sin B dB B-19
(F,)q = '"T[fnj( |wi- )ﬁ f (x-x) (8-19)
'2“'"6 flzu
for V>0 and x zflle « For V<0 the limits on the 8 integral become
i 3
§+5t to 5 +4§, .

The component due to rntation is

kil
. e & 2 9 _
(F), = I%T [ﬁ]f, j (Az+Bzx|Q!+sz Q%) (x~x) dx Sing dB (B-20}
R A P T

for R>0 and x2f,>L,. For R<0 the limits on the 8 integral become

1'
b n
E+6t to f—+ﬁr *

Once the projertile has penetrated so that the nose {3 totally submerged
in the target the lower limit on the x integrals becomes Ll'

The moments follow from the fact that there is a force on the
differential elementi of ares which is located & distarce x from the center
of mgse. See Figure B~6. The force dF, applied to the area dA will
produce a8 moment albout the z-axis, denoted N, whose magnitude will be x dVy.
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The moment N will be made up of two parts, one due to translation, (N),
and one due to rotation rate (N) .

N= (N).r + (N)r (B-21)

The results for (N),r are as follows:

A

-H)

2
My = - T%I-(Ay+sy|vl+c vé) [—JJ’

S x(x-x) dx CosB dB (B-22)
--«Pﬁ f >L

for V>0 and §Ef1:L For V<0 the limits on the B integral become

1

ua] to 3n
2 r -Z——O'Gr.

The values of moment due to rotation rate are

(N) - - T—r ﬁy‘ I (A +B XIRI"‘C xaz)x(x-x) dx CosB dB (B-23)
f.>

1- 1
for R>0 and ;3f13L1 . For R<0 the limits on the B integral become
" 3n
-i+6r to §_+6r'

When the complete nose is submerged in the target the lower limi: on the x
integrals becomes Ll'

In a similar manner the moment about the y-axis,

M= (H)T+(M)r. (B-24)

46' -
t
) = 'I%T [‘—] (A+B_|W|+c w?) x(x-x) dx Sing d8 (B-25)
g : =) 8 JE 5L
270c 7 12

when V>0 , §:f >L For V<0 the limits on the B integral become

1-"1°

L In
-+ to 2—+6t.

2%
®
S AP 22
o, =13 Iﬁlf J’ (A +8,x|Q|+¢_x%P)x(%-x) dx Sing d8 (8-26)
‘W R
- §+6r flle
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vhen R20 , x2f,>L, . FPor R<0 the limits on the 8 integral become

® In
?Hsr co-—+62 e’

When the nose is completely submerged the lower 1imit on the x
integrals becomes Ll'

Under the agssumptions of this force model the moment about the x-
axis, L, will be equal to zero for reasonable angles of attack and

obliquity.
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Figure B-1. Nomenclature and Coordinate Systems

Center of Mass .

Submerged Portion of
Projectile

Ground Plane

Figure B~2. Partially Submerged Projectile
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Plane of Intersection of Target and Projectile

Figure B-3. Schematic Showing Plane of Intersection of Target
and Projectile

Figure B~4. Range of Angle B Showm in y-z Plane
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Figure B~-5. Range of Angle B Shown in y-2z

Figure B-6. Schematic Showing Differential

216

Plane

F dF
orce dF,

i s A = e -



APPENDIX C
K
1. LIST OF COMPUTER SYMBOLS
4

AX Force coefficient, Ax
AY Force coefficient, Ay
AZ Force coefficient, Az
BX Force coefficient, Bx
BY Force coefficlent, By
BZ Force coefficien:, Bz

Drag coefficient, cD

o™X x coorcdinate center of mass
oY y coordinate center of mass
oz Z coordinate center of mass
: cxX Force coefficient, cx
cY Force coefficient, Cy
Cz Force coefficient, C,
DT Print time frequency
DTMAX Maximum integration time
DTMIN Minimum integration time
FIN MIMIC finish statements
FX Total force component x direction, F,
Y Tctal force component y direction, !y
FYCO Force coaponent y direction for cone only
FYCY Force component y direction for cylinder only
FYHE Force component y direction for hemisphere only
FZ Total force component 3 direction, F,
FZCO Force component z direction for cone only
F2CY Fozce component z direction for cylinmder only
YZHE Force component 3 direct{on for hemisphere only
HDR Output headings
INT MIMIC {ntegration symbol
IXX Moment of inertia, Ixx
Iy Mcment of incitia, Iyy

K1,K2,K3} Congta::ts used to select proper force terms
K4,K5,K6 Constants used to select proper mouent terms
L Total applied moment about x axis
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Applied moment about x axis due to cone conly
Naturai logarithm of C,

Appiied moment about x axis due to cylinder only
Applied moment about x axis due to hemisphere only
Length of cylinder

Length of nose cone

Total applied noment about y axis

Mass of projectile

Applied moment about y axis due to cone only
Applied moment about y axis due to cylinder only
Applied moment about y axis due to hemisphere oniy
Total applied moment about z axis

Qutput to be listed

Applied moment about z axis due to cone only
Applied moment about z axis due to cylinder only
Rotation velocity about x axis

Rotation acceleration about x axis, é

Universal constant w = 3,14159

Euler angle ¢

Euler angular velocity, ;

Initial Euler angle, ¢,

Initail rotational velocity, P,

Pre.sure exerted by velocity U

Pressure exerted by velocity V

Pressure exerted by velocity W

Euler angle, ¥ '

Euler angular velocity, i

Initial Fuler angle, Yo

Rotational velocity about y axis

Rotational acceleration about y axis, 6

Initial angular velocity about y axis, Q,
Rotational velocity about z axis

Radius of cylinder, base of nose cone, Lemisphere
Rotational acceleration about z axis, i

Initial angular velocity about z axis, R,

Time
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TERM 1-u/v,

TH Euler angle 0

THD Euler angular velocity, é

THO Initial Euler angle, 6,

U Velocity relative to x axis

up Acceleration relative to x axis, ﬁ

uo Initial velocity relative to x axis, U,
v Velocity relative to y axis

vD Acceleration relative to y axis, 6

Vo Initial velocity relative to y axis, Vo
W Velocity relative to z axis

wD Acceleration relative to z axis, ﬁ

wo Initial velocity relative to z axis, W,
XP x' axis

XPD Velocity relative to x' axis

YP y' axis

YPD Velocity relative to y' axis

A4 z' axis

ZPD Velocity relative to z' axis

2, INTRODUCTLION

The necessary format and language for programming is contained in
Control Data Corp. reference manual entitled Control Data MIMIC and only
the details for datainput are included here. All input data either con-
stants (CON) ~r parameters (PAR) are placed at the end of the program and
correspond exactly to the manner in which they are called for by the CON
and PAR cards preceding_the program. Details of jinput data are shown for
Computer Frogram II.

In the first case shown, Computer Program I, the force ccefficients
A, through C, are assumed to be independent of the velocity terms, there-
fore all these values are shown as parameters. However, in the second
case, Computer ¢rogram II, the value of C, 1s then given a variable status
included in the body of the program.

Parameters Kl through K6 are used to select forces and moments depen-
ding on type of nose cone used as well as the option not to use the forces
and mowents on the after body. These parameters take on values of zero or
unity and are defined as follows:
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S. INPUT DATA FOR COMPUTER PROGRAM Il

DT = 5.0 x 1074 Uy 406 x 10
DIMIN 1.0 x 107 v, 0.0
DIMAX 1.0 x 107> Wo 0.0
AX 0.0 P, 0.0
; BX 0.0 Q 0.0
AY 0.0 Ry 0.0
BY 0.0 . PHIO 0.0
cY 6.0 ™O 0.0
i AZ 0.0 PSIO 0.0
; BZ 0.0 X0 0.0
| cz 0.0 YO 0.0
| MAS 5.44 x 102 2P0 0.0
| IXX 2.687 x 10 g 1.0
? vy 2.317 x 6% kK2 0.0
‘ ox 1.127 x 10} K3 0.0
! cMY 0.0 K6 1.0
f oz 0.0 ‘ K5 0.0
; INCY 2.254 x 1o K6 0.0
LNCO 0.0
RAD 0.992
i
|
i
|
:
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g USAF/RDQ 1 US Army Ballistic Rsch Labs
Hyq USAF/SAMI DRXBR~TE
DIA/DB-4C3 US Army Ballistic Rsch Labs
AL (AUL/LSE-70-239) AMXBR-~VL

Hg SAC/NRI/STINFQ Library
NWC/Coda 35269

NWC/Code 603

NWC/Code 533/Tech Lib
NKC/Code 407

AFSC Liaison Office/Code 143
Ogden LAC, MMWM

AFATL/DLODL
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AFATL/DLY

ADTC/XR

ADTC/SD

SAC Project Office
USAFTAWC/O0A

AFATL/DLYV

AFATL/DLYW

Southwest Rsch Inst
Orlando Tecn Iac
Sundstrand Data Control, Inc
Texas Tech Univ

Univ of Fla Graduate Ctr
Univ of Florida

US Army Engineér Weterweys Exp Stn
Defense Nuclear Agcy
Goodyear Aerospace Corp
Sandia Labs ‘

Lawrence Livermore Labl
Martin Marietta Aerospace
Georgia Inst of Technology
Univ of New Mexico
USAMSAA/DRXSY-S

Dpe

Okalhoma State Uniy
Lockheed Missiles & Space Co
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Terra Tek
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US Army Ballistic Rsch Labs

et
N 2 bt bt ot s ot S Bt D S et Bt NG Bt U D NF U DD et D bt Bt O 800 S N ek et pet St okt 4D D D b Pt Pb Gt s Pt Pt Bt

US Army Ballistic Rsch Labs
Technical Library

AVCO Corp

Univ of California

Honeywell Inc

ARRADCOM/DRDAR- LCU-TM

Hq TAC/DRA

Hq USAFE/DOQ

Hq PACAF/DOO

TAC/INA

ASD/XRP

s

Tt put Pt fut Pt Pt Pt s () Pt

fal

[

DRXBR-1E

: 225
¢ (The reverss of this page is blank)




